Early Strength Development of Cement Mixed Singapore Marine Clay by LU YITAN
EARLY STRENGTH DEVELOPMENT OF
CEMENT MIXED SINGAPORE MARINE
CLAY
LU YITAN
NATIONAL UNIVERSITY OF SINGAPORE
2014
EARLY STRENGTH DEVELOPMENT OF
CEMENT MIXED SINGAPORE MARINE CLAY
LU YITAN
(B.Eng. (Hons), NTU )
A THESIS SUBMITTED
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY
DEPARTMENT OF CIVIL AND ENVIRONMENTAL ENGINEERING
NATIONAL UNIVERSITY OF SINGAPORE
2014
Declaration
I hereby declare that this thesis is my original work and it has been written
by me in its entirety. I have duly acknowledged all the sources of infor-
mation which have been used in the thesis. This thesis has also not been




In land scarce Singapore, the use of cement mixed clay as reclamation fill
resolves not only the shortage of dumping ground for unwanted soil dis-
posal, but also the shortage of fill for land reclamation. This innovative
scheme of using cement mixed clay always involves massive volume of con-
struction at high rate of production. Thus, effective early quality control
(QC) measures play an pivotal role in the successful implementation of this
scheme. In a recent project in Singapore, cement mixed Singapore marine
clay has been used as fill to build a containment bund. This research was
set out to devise an effective early QC technique for the cement mixed clay
fill in the containment bund construction.
The early strength behavior of cement mixed Singapore marine clay
was first investigated in an experimental study. The transition behavior
in the early strength development and the corresponding reaction heat
evolution suggest that cement mixed Singapore marine clay exhibits setting
behavior in the initial stage of curing like any other cementitious material.
In this investigation, the effect of curing temperature on the early strength
behavior was also studied. It was found that the setting time reduces at a
higher curing temperature. The relation between setting time and curing
temperature was found to be governed by the Arrhenius law, and this
relation was validated by literature data of concrete/mortar.
The effect of curing temperature on the long-term strength develop-
ment was also investigated. It was found that cement mixed Singapore
marine clay develops higher ultimate strengths under higher curing tem-
peratures. This behavior is different from the commonly observed “cross-
over” behavior for concrete/mortar or cement mixed granular soils, in which
the ultimate strengths developed under different curing temperatures are
about the same. Due to this difference, the model developed by Chita-
mbira (2004) was modified by introducing a proposed strength enhancing
factor η
′
T and adopting a modified shift factor a
′
T . By making these mod-
ifications, the effect of curing temperature on both the ultimate strength






T show Arrhenius-type relation with the curing temperature T . The pro-
posed model in this study was validated by independent tests and literature
data. Thus, the strengths developed under different curing temperatures
can be fundamentally related.
An accelerated strength test based on elevated temperature curing was
proposed in this study as an early QC technique. The rationale behind this
proposal is that the setting process can be shortened by the elevated tem-
perature, and that the strengths developed under different temperatures
are fundamentally related. Accelerated tests were conducted independently
in this study. The test results suggest that the strength obtained in the
accelerated test [qu(acc)] is governed by the similar fundamental strength
mechanisms of 7-day or 28-day strength [qu(7day) or qu(28day)] obtained
in the standard room temperature curing condition. The strong correlation
of qu(7day) – qu(acc) or qu(28day) – qu(acc) can be used for the early QC
of cement mixed Singapore marine clay. Therefore, the applicability of the
proposed accelerated test is validated.
KEYWORDS: quality control, cement mixed clay, land reclama-
tion, setting, curing temperature, Arrhenius law.
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As a city state, Singapore is amongst the most densely populated coun-
tries in the world. According to the data reported by World Bank (2010),
Singapore is the world’s second most densely populated country and for
population greater than 1 million, the most dense with a population of 5
million people living in an island with an area of just over 710 km2.
Land reclamation has played a key role in relieving the land stress of
Singapore over the past five decades since 1960s. In today’s Singapore,
20 % of the total land area are reclaimed lands (Singapore Department of
Statistics, 2010; Lui and Tan, 2001). Figure 1.1 and Figure 1.2 show the
extent of land reclamation in Singapore and the increase in land area over
the years, respectively.
Hill-cut materials and imported sands were used as fill in the early land
reclamation works (Schwartz, 2005). However, local hill-cut materials have
been depleted and imported sand has become scarce and expensive in the
last decade (Koh, 2005). Therefore, there is a need to use alternate fill
materials to continue land reclamation works.
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Figure 1.1: Extent of reclaimed land in Singapore (based on Ministry of
National Development, 2013 and Schwartz, 2005)
Figure 1.2: Land area of Singapore from 1960s to 2010s
Another consequence of the increasing shortage of land is that there is
no more landfill in Singapore since 1998 because of the highly built up urban
environment in the whole country. Nowadays, wastes are first incinerated
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and the incinerated ash are contained in an offshore dumping site that
is engineered to hold the wastes without contaminating the surrounding
water.
Meanwhile to raise the productivity of the limited land space, the past
two decades saw the increasing exploitation of subterranean space. In re-
cent years in particular, the extensive underground construction for the
Mass Rapid Transit (MRT) system as well as the construction for under-
ground oil cavern has generated massive amount of unwanted soils. These
excavated earth arising from underground exploitation, together with the
dredged soils arising from regular dredging works for the maintenance of
the navigation channels and port waterways have posed a major challenge
to their disposal, as it is too expensive to dump these unwanted soils in the
offshore dumping site. Therefore, it is a very attractive proposition if the
unwanted dredged soils are used for land reclamation. In doing so, not only
the shortage of reclamation fill is resolved, the unwanted soils also find a
way to be disposed with economical value.
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1.2 Cement mixed clay as reclamation fill
Huge amount of dredged materials are generated worldwide from dredging
works to maintain harbours and channels (Dermatas et al., 2003; Kitazume
and Satoh, 2003; Rekik and Boutouil, 2009). Dredged materials are mostly
clayey soils with high water content. Traditional dredged material manage-
ment involves dumping the dredged material in disposal sites (Dermatas
et al., 2003; Kim et al., 2010). In Singapore, dredged marine clay consti-
tutes a big portion of the unwanted soils, and dumping these soils is no
longer a viable option. Due to the high water content, the dredged clays
are usually too soft to be used directly for geotechnical applications. To
reuse the dredged clays, chemical stabilization involving the use of lime,
cement or other pozzolanic materials is often needed. The beneficial use of
the stabilized dredged materials as reclamation fill has been reported in a
number of studies (Watabe et al., 2000; Douglas, 2000; Bennert et al., 2000;
Dermatas et al., 2003; Grubb et al., 2010). Stabilized dredged materials
may be used for other geotechnical applications as well, for example, as
road/pavement base materials (Siham et al., 2008; Dubois et al., 2009).
Cement mixed dredged clay has been used as fill for a containment
bund in an on-going reclamation project in Singapore. Figure 1.3 shows
the process on how the cement mixed dredged clay is used as fill in this
project. First, clay from seabed is grabbed by dredgers in lumpy forms.
Figure 1.4a shows the dredger in operation. These clay lumps are then
transported by hoppers to a floating platform that is a pre-treatment plant
(Figure 1.4b). On the pre-treatment plant,the big clay lumps are broken
down by the augur-attached power shovels (Figure 1.4c). In the meantime,
seawater is added to the clay lumps on the pre-treatment plant to soften
the clay lumps so as to facilitate the operations of the power shovels. The
clay, once broken down, is in a slurry form and is transported to a floating
mixing barge. On the mixing barge, the clay slurry is first passed through a
filtering system comprising three layers of sieves, of which the opening sizes
are 15 cm, 7.5 cm and 3 cm in sequence, so that big stones or shells in the
clay slurry are sieved out in this filtering process. After filtering, the clay
slurry is then transported to a big drum-mixer and is mixed with cement
powder. In the drum mixer, the cement-clay slurry mixture is homogenized
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Figure 1.3: Operation process of using cement mixed dredged clay as fill
in the reclamation project in Singapore
by the motorized mixing blades, which rotate at ∼ 34 rpm for around
1 min for each batch of the mixture. After mixing, the mayonnaise-like
mixture is transported by a compressed-air pipeline system and is placed
at designated locations. Figure 1.4d shows the mixture being pumped out
from the pipeline outlet.
The use of cement mixed dredged clay as reclamation fill originated from
Japan and has gained increasing popularity over the past few years. No-
table projects include the Ishinomaki reclamation project (Porbaha et al.,
1999; Sakamoto, 1998), Central Japan International Airport man-made is-
land project (Kitazume and Satoh, 2003), and more recently, some parts of
the reclamation work for the extension of Haneda Airport (Morohoshi et al.,
2010). As the main function is a fill, in those projects, the primary con-
cern is the compressibility of the soil. However, in the present Singapore’s
case, the clay is used to build a containment bund for the land reclamation
and thus strength of the fill becomes the primary design parameter as the
stability of the bund is of paramount importance.
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(a) Dredger in operation (b) Hopper transporting clay lumps
to pre-treatment plant
(c) Power shovels breaking clay
lumps on the pre-treatment plant
(d) Mixture being pumped out from
the pipeline outlet
Figure 1.4: Operations involved in the use of cement mixed dredged clay
as fill in the reclamation project in Singapore
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1.3 Quality control of cement mixed dredged
clay as reclamation fill
Figure 1.3 includes the Quality Control (QC) measures of the cement mixed
dredged clay. The quick and simple tests of total unit weight and flow
value serve the in-situ QC purpose, whereas the unconfined compression
tests (UCTs) constitute the main component of the QC programme as
the cement mixed dredged clay fill is used primary as materials for the
containment bund, and the stability of the bund’s sloping face depends on
the final shear strength of the mixture. The 91-day as well as the 28-day
unconfined compressive strength [qu(91day) or qu(28day) respectively] is
commonly used as the indicator of the mixture’s final shear strength.
Figure 1.5 and Figure 1.6 show the unit weight measurement apparatus
and flow value measurement respectively. The details of flow value test
(FVT) are elaborated in Chapter 2. Figure 1.7 shows the batched sample
being collected from the pipeline system after mixing on the mixing barge.
Similar QC scheme for the use of cement mixed dredged clay as fill has
been reported by Kitazume and Satoh (2005).
Figure 1.5: Site unit weight measurement apparatus
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Figure 1.6: Site flow value measurement
Figure 1.7: Sample batching on the mixing barge
Through communications with site engineers, it is found that the FVT
is a useful test to describe the workability of the mixture but is not a reli-
able test to correlate with the mixture’s qu(91day) or qu(28day). However,
there is no other early QC test than the FVT. Moreover, 28-day and 91-
day UCTs can hardly be used for the quality control. This is because the
production rate of the cement mixed dredged clay is often high in land
reclamation projects, where huge volume of fill is needed. In the Central
Japan International Airport man-made island project, the volume of ce-
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ment mixed fill used was ∼ 5.5 million m3 (Watabe and Noguchi, 2011). In
Singapore, the volume of the cement mixed clay used in the construction
of the containment bund is ∼ 3 million m3, and the production rate can be
as high as ∼ 2000 m3 in every 3-4 hours. With such high production rate,
it would be too late for inexpensive remedial measures to be implemented
if defective materials were detected after 28 days of curing. Even 7-day
UCTs are considered late especially when the cement dosage is excessive.
Removal of the defective material is technically impractical and economi-
cally unsound as it may involve huge area of treated land, which contains
defective yet hardened materials.
Another important aspect of QC of the cement mixed dredged clay fill
in Singapore is the effect of curing temperature on the strength develop-
ment. As a tropical country, the ambient temperature of Singapore is high.
Moreover, the cement hydration as well as pozzolanic reactions are exother-
mic, i.e. heat is generated once the clay is mixed with cement. Shown in
Figure 1.8 is the field temperature monitored by two buried temperature
probes deep inside the cement mixed clay fill in Singapore. In Figure 1.8,
the two probes show similar results. It can be seen in the same figure
that the temperature rose rapidly from the site ambient temperature at
around 32.5 ◦C to above 37 ◦C in the first week of curing. The temper-
ature continued to increase until reaching the peak at around 38 ◦C and
experienced only a gradual decrease after around 60 days of curing. The
measured temperature after 90 days of curing was still slightly above 37
◦C. Thus as a consequence of the high ambient temperature in tropical
Singapore and the heat generated from the exothermic reactions, the field
curing temperature was much higher than the laboratory curing tempera-
ture. As both the laboratory trial mixes and the batched QC samples are
cured in air-conditioned rooms, the relation between the QC sample and
the actual quality of the cement mixed clay fill is dependent on the curing
temperature in the field. Unfortunately, there has not been any in-depth
understanding of the curing temperature effect on the strength develop-
ment of cement mixed clays. A detailed review of the curing temperature
effect on the strength development of cement mixed soils is presented in
Chapter 2.
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(a) Temperature probe 1
(b) Temperature probe 2
Figure 1.8: Site temperature monitored by temperature probes
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1.4 Research objectives
Cement mixed clays have been widely used for soil improvement in vari-
ous kinds of geotechnical applications. Using cement mixed dredged clay
as fill, in particular as material for the containment bund, is a relatively
new variation from conventional clay cement mixtures, as the base clay is
usually high in initial water content (often ≥ 1.5 times of its liquid limit)
and the mixture is not used directly to support foundation loads or to con-
strain lateral ground movement in a deep excavation and hence the cement
dosage is much less than in these conventional applications. The under-
standing of this relatively new type of cement mixed clay is limited, and
understanding gained on the conventional clay cement mixtures may not be
directly applied. Therefore, some outstanding issues are posing technical
challenges to the greater use of the cement mixed dredged clay as fill for
the containment bund:
i. There is limited research on the strength development at very early
curing ages (within 2 days upon the completion of mixing) for cement
mixed clays, especially for slurry dredged clay mixed with high water
content and low cement dosage.
ii. As has been discussed, the effectiveness of the current early QC mea-
sure is questionable and provides limited understandings on the mix-
ture’s early strength behavior.
iii. As Singapore is a country in the tropics, the clay cement mixtures have
prolonged exposure to the sun and are cured under the field ambient
temperature that is considerably higher than that in the laboratory.
Note that mixes carried out to derive design parameters are usually
cured under the constant laboratory room temperature often set to be
23±2 ◦C. The massive volume cast in the field adds to this difference
due to the exothermic reactions in the cement treated clay. There is
a lack of understanding of how the strength development is influenced
by the curing temperature.
The research objectives of this study are therefore as follows:
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i. To acquire an in-depth understanding on the early strength behavior
of cement mixed Singapore marine clay at high water content.
ii. To study the effect of curing temperature on the strength development
and hence the relation between strengths developed at different cur-
ing temperatures. This aspect of understanding is essential for the
development of effective early QC measures.
iii. To make proposal for an improved early QC measure and validate the
proposal.
One shall note that in this study, early strength refers to the strength
that is developed within the first 48 hours after mixing is completed. On
the other hand, later-age strength refers to strength developed after 7 days,
as this strength is well correlated to the final strength.
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1.5 Organization of thesis
Chapter 1 presents the background information of this study including the
detailed introduction of the use of cement mixed dredged clay as fill, its
outstanding issues and the objectives of this research. A comprehensive
literature review is presented in Chapter 2. Material properties, experi-
mental methods, testing procedures and testing programme are given in
Chapter 3. This chapter also presents an experimental assessment of Flow
Value Test (FVT), from which the irrelevance of FVT in this research is
concluded. In Chapter 4, the early strength behavior of cement mixed clay
is discussed based on the experimental results from the investigation of
the early strength development. In the same chapter, the effect of tem-
perature on the early strength behavior is also discussed. The influence of
temperature on long-term strength development is discussed in Chapter 5.
The proposed early QC measure and its validation are given in Chapter 6.






In this chapter, understandings gained from the literature that are relevant
to the objectives of this research are reviewed. First, the early strength
behaviors of cement mixed soils are reviewed in Section 2.2. Due to the fact
that there have been only limited studies on the early strength of cement
mixed soils, the early strength behavior of concrete/mortar is reviewed in
Section 2.3 as well and comparisons are drawn with cement mixed soils.
Second, the effect of curing temperature on the strength development of
cement mixed soils is reviewed in Section 2.4. In the same section, the effect
of curing temperature on the strength development of concrete/mortar is
discussed and compared with that of cement mixed soils as understandings
on this topic are better established for concrete/mortar than for cement
mixed soils. Last, a detailed review on the early QC of cement mixed soils
and concrete/mortar is presented in Section 2.5.
One shall note that in this chapter, the relevant topics of concrete/mortar
are frequently referred to. This is because various aspects of the strength
development of the cement mixed soil are fundamentally similar to that of
concrete/mortar as both the materials are cement based and their strength
developments depend on the cement hydration. Therefore, the limited
studies on the cement mixed soils may be complemented by the estab-
lished understandings of concrete/mortar on relevant topics. Besides, the
effect of the mix proportions on the strength of cement mixed clay is not
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discussed as understandings on this aspect has been well established. For
cement mixed Singapore marine clay, the research group led by Lee from
National University of Singapore has made significant contributions to this
understanding (examples: Lee et al., 2005; Lee, 1999; Chin, 2006; Xiao,
2009).
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2.2 Early strength (t < 48 hours) develop-
ment of cement mixed soils with time
The early strength development of a cement mixed soil has hardly been
studied in a systematic manner. Nevertheless, the early strength develop-
ments of cement mixed soils have been documented in the following two
studies: Watabe et al. (2000) and Seng and Tanaka (2011).
In Watabe et al. (2000), it can be observed in Figure 2.1 that the
strength of the cement mixed Tachibana Bay clay increases little within
the first 30 minutes of curing or so, but there is an almost linear increase
in strength with time in logarithmic scale after 30 minutes.
Figure 2.1: Early strength development of Tachibana bay clay (adapted
from Watabe et al., 2000)
In Seng and Tanaka (2011), the early strengths of the cement mixed
Fujinomori clay and Kasaoka clay were measured. Although the strengths
of the cement mixed clays in Seng and Tanaka (2011) were not measured
within the first 30 minutes of curing, the first measured strength just af-
ter 30 minutes provided an upper limit. With this estimation, it can be
observed in Figure 2.2 that the initial strength gains of the two cement
mixed Japanese clays studied in Seng and Tanaka (2011) are insignificant;
however after a short duration, the increase in strength with time is almost
exponential. Even though the moment in time separating the insignificant
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strength gain and the rapid strength gain varies depending on the mix
proportions, the general behavior is similar to that of the cement mixed
Tachibana Bay clay (Watabe et al., 2000).
Figure 2.2: Early strength development of Fujinomori clay and Kasaoka
clay (adapted from Seng and Tanaka, 2011)
Few have considered the initial period of curing right after mixing where
the strength gain is insignificant. It is well known that the strength devel-
opment of a cement mixed soil approaches a plateau in the long term and
the rate of strength development in the long term is much slower than in
the early age. This being the fact, the strength development of a cement
mixed soil can be sub-divided into two phases in time: the rapid strength
gain in early age and the slower strength gain in later age approaching
the strength plateau. However in both Watabe et al. (2000) and Seng and
Tanaka (2011), a distinct period right after mixing is shown to precede
the two-phase strength development. In this period right after mixing,
the gain in strength is insignificant. Interestingly for lime treated clays,
Locat and Marc-Andre (1990) described the strength development of lime
treated clay in three phases instead of two. As shown in Figure 2.3, phase I
of this strength development model corresponds to only marginal increase
in strength, and this is followed by the rapid increase in strength in phase II.
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Figure 2.3: Early strength development of lime mixed clay (adapted and
modified from Locat and Marc-Andre, 1990)
After phase II, the strength continues to increase in phase III but at a much
slower rate approaching the plateau. Though this three-phase strength de-
velopment model was developed for lime treated clay, it might also be used
to represent the strength developments of the cement mixed clays studied
in both Watabe et al. (2000) and Seng and Tanaka (2011). One has to
note that the strength development of lime treated clay has some common
features with the cement mixed clay as both cement and lime function as
agents to “glue” the mixture into an integral matrix. Therefore the com-
parison between the strength development models of cement treated clay
and lime treated clay is justified.
Due to the fact that the strength development of a cement mixed soil
is conceived by most to be in two phases, most of the models that describe
the strength development of the cement mixed soil with time are expressed
mathematically in either logarithmic or hyperbolic forms.
In Mitchell et al. (1972), the following relation was proposed between
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the curing age and the strength of cement mixed soil:




where qu(t) is the unconfined compressive strength at t days, in kPa; qu(t0)
the unconfined compressive strength at t0 days, in kPa; K = x · C, where
C is the mass ratio of cement to soil solid (%) and x is recommended to be
480 for granular soils and 70 for fine soils..
Strength normalized by the strength at a reference later age (e.g. 7
days, 14 days or 28 days) has been found by many to be linearly related to
the curing age in logarithmic scale in various forms. (examples: Nagaraj
et al., 1996; Miura et al., 2001; Horpibulsuk et al., 2003; Ahnberg, 2006;
Liu et al., 2008; Rahman et al., 2008). The formulation by Nagaraj et al.
(1996) is shown as follows:
qu(t)
qu(tref )
= a+ b ln t (2.2)
where qu(t) is the unconfined compressive strength at t days; qu(tref ) the
unconfined compressive strength at the reference age; a and b the fitting
constants.




= R ln t (2.3)
where qu(t) and qu(tref ) bear the same definitions as in Equation 2.2. R is
a fitting constant.
Horpibulsuk et al. (2003) included the Water-to-Cement ratio (W/C)
in the formulation:
qu(t,W/C)
qu(tref , (W/C)ref )
= R[(W/C)ref−(W/C)](a+ b ln t) (2.4)
where qu(t,W/C) and qu(tref , (W/C)ref are the strength at a given W/C
with curing age t and the strength at the reference (W/C)ref with the
reference curing age tref , respectively. a, b and R are fitting constants.
A similar formulation to Equation 2.4 has been proposed by Liu et al.
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(2008) with the consideration of W/C as well:
qu(t,W/C)
qu(tref , (W/C)ref )










where qu(t,W/C) and qu(tref , (W/C)ref ) carry the same definitions as in
Equation 2.4, and c is a fitting constant.
Kaniraj and Havanagi (1999; 2001) pointed out that the logarithmic
models may be inappropriate at t ≤ 1 day as they would predict negative
strengths. Thus they proposed that the strength of a cement mixed soil
could be related to its curing age through a hyperbolic function:




where qu(t) is the unconfined compressive strength at t days; qu(t0) the
initial unconfined compressive strength at t = 0; m and c are fitting con-
stants.
Chitambira (2004) used the following equation to describe the strength
development with time of the cement mixed soil:
ln [qu(t)]=A · [1− e−B·ln (t)] (2.7)
where t is the curing age, in day; qu(t) the unconfined compressive strength
at curing age t, in kPa; and the parameters A and B are empirical curve-
fitting constants. According to Chitambira (2004) and Marzano et al.
(2008), A and B depend not only on the types of base clay and cement,
but also on the mix proportions.
Table 2.1 lists the representative models that describe the strength de-
velopment of a cement mixed soil with time. To examine the applicability
of the models on the early strength development of cement mixed Singa-
pore clay, a parametric comparison is conducted. The database used for
this analysis is from an actual construction project in the eastern part of
























































































































































































































































































































































































































































































































































































































































































































































Figure 2.4 presents the comparisons between the actual qu(3day) and
the model prediction. Note that the fitting constants in each model are
obtained by fitting the corresponding model with the actual qu(7day) and
qu(28day), and the fitting results are shown in Figure 2.4 as well. With the
fitting constants as obtained in Figure 2.4, the early strength developments
of a typical mixture from t = 1 day or t = 0 day (if available) are shown
in Figure 2.5.
As shown in Figure 2.4, all the models as listed in Table 2.1 can be
fitted well against qu(7day) and qu(28day) and fair comparison can be made
between the predicted qu(3day) and the actual data. However, Figure 2.5
shows that the predicted qu(1day) or qu(0day) are unreasonable in general.
The predicted qu(1day) from Equation 2.1, Equation 2.2, Equation 2.4 and
Equation 2.5 are negative, whereas Equation 2.6 overestimates the strength
of the cement mixed clay at t = 0 considerably [predicted qu(1day)≈ 51 kPa
and qu(0day) ≈ 5 kPa versus fresh flowable mixture in reality]. Amongst
all the models reviewed as listed in Table 2.1, while Equation 2.6 gives
the better prediction in Figure 2.4, Equation 2.7 gives the most reasonable
prediction in Figure 2.5.
The unreasonable predictions shown in Figure 2.5 suggest that none of
the models in Table 2.1 are suitable for describing the strength development
of the cement mixed Singapore marine clay at early curing ages (t ≤ 2 day).
The model in Equation 2.7 gives relatively more reasonable prediction than
the rest in Table 2.1, but it is not reasonable to have qu(1day) = 1 kPa for
all different mixtures (refer to Equation 2.7). More importantly, Equation
2.7 can not be applied at t < 1 day. These findings are not surprising as
the models were developed for the later-age strength development of the
cement mixed soil and there is lack of understanding on the early strength
development.
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(a) Equation 2.1 (Mitchell et al., 1972)
(b) Equation 2.2 (Nagaraj et al., 1996)
(c) Equation 2.3 (Ahnberg, 2006)
Figure 2.4: qu(3day) predicted from the models summarized in Table 2.1
versus Actual data [fitting parameters obtained from fitting qu(7day) and
qu(28day) to actual experimental data] (to be continued)
23
(d) Equation 2.4 (Horpibulsuk et al., 2003)
(e) Equation 2.5 (Liu et al., 2008)
(f) Equation 2.6 (Kaniraj and Havanagi, 1999)
Figure 2.4: (continued) qu(3day) predicted from the models summarized
in Table 2.1 versus Actual data [fitting parameters obtained from fitting
qu(7day) and qu(28day) to actual experimental data] (to be continued)
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(g) Equation 2.7 (Chitambira, 2004)
Figure 2.4: (continued) qu(3day) predicted from the models summarized
in Table 2.1 versus Actual data [fitting parameters obtained from fitting
qu(7day) and qu(28day) to actual experimental data]
Figure 2.5: Strength development with time of a typical mix reported in
TOA Corporation (2009) modelled by models in Table 2.1
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2.3 Early strength development of concrete
materials with time
The strength development of a cement mixed soil resembles that of concrete
or mortar, and so do the models that describe the strength development
with time. As concluded in Carino and Lew (2001), the commonly used
models for the strength development of concrete/mortar are in either log-
arithmic or hyperbolic forms (examples can be found in Bernhardt, 1956
and Plowman, 1956). This similarity may be attributed to the fact that
both the cement mixed soil and concrete/mortar are cement based, and
hydration is the main contributor in their strength gain. On the other
hand, due to wider applications, the understanding on the early strength
behavior of concrete/mortar is better established.
From Table 2.1, the duration of strength development of a cement mixed
soil is implicitly assumed to be the same as the curing age t. However
for concrete/mortar, an offset time t0 is often included in the models of
strength development, and hence the duration of strength development
(i.e. the duration of hardening) is the curing age t minus the offset time
t0, t − t0 (examples: Carino and Lew, 2001; Pinto and Schindler, 2010).
The offset time t0 is commonly referred to as the setting time for various
cementitious materials including cement paste, concrete and mortar.
Understanding the setting behavior is important as the significant strength
development occurs only after the the setting is completed, and hence ig-
noring the setting time has significant impact on the understanding of the
early strength development. In cement mixed soils, the setting time has
been little studied. Seng and Tanaka (2011) reported the “setting period”
in the very initial stage of curing immediately following mixing could be
observed by measuring the change in stiffness with time, but there was no
detailed discussion of setting and its relation to the early strength develop-
ment. More importantly, the definition of “setting” was vague in the study
by Seng and Tanaka (2011). Similarly in Clare and Sherwood (1954), even
though the setting time of a cement mixed sand was the subject of the
study, there was no clear definition of setting and how the setting times
were identified was not reported. Implicitly, Clare and Sherwood (1954)
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seemed to suggest that the setting time could be identified by measuring
the strength gain with time. Chitambira (2004) took into consideration the
setting time in the design of his experimental programme, but the measure-
ment of the setting time followed BS EN 196 - 3 (2005) and the soil particles
in the cement mixed soils were replaced with uniform sand hence the mea-
sured setting times were only indicative rather than the actual setting time
of the cement mixed soil. Clearly, the gap of understanding lies in the
following two aspects:
i. As a cement based material, it is not clear whether the cement mixed
soil exhibits similar setting behaviors as concrete/mortar.
ii. If similar setting does exist for cement mixed soils, there is a need
to study the setting behavior in a systematic manner, including an
approach to identify the setting time.
Due to the fact that the setting behavior is a subject relatively unfamil-
iar to geotechnical professionals, a brief introduction of the setting behavior
is presented in this section.
Substantial physico-chemical changes take place in an early-age cemen-
titious material. The changes in the following 3 aspects are indicative of
the changes associated with the setting process:
i. Micro-structural behavior
ii. Reaction heat exchange behavior
iii. Mechanical characteristics
Micro-structural behavior: The changes in the micro-structure of
the cement mixed soil can be well illustrated by referring to Figure 2.6. It
is to be noted that Figure 2.6, as adapted from Pinto (1997), was intended
for cement paste, but the process presented in the figure is judged to be
suitable for cement mixed fine soils as well, due to the fact that the size
of cement grain is usually in the range of 1 to 50 µm. It has been widely
reported that the strength gain of a cement stabilized clay at the later
age of curing is due to both cement hydration and pozzolanic reactions
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Figure 2.6: Schematic description of setting and hardening of cement pastes
(adapted from Pinto, 1997)
between clay and hydrated cement. The reaction products, namely Cal-
cium Silicate Hydrate (C−S−H) and Calcium Silicate Aluminate
(C−A−H), provide bonding between cement grains and clay particles and
the hardened clay cement mixture forms an integrated structural matrix.
Figure 2.6 shows how the cementitious material “hardens”. On the other
hand, the cement grains as well as the clay particles are in the particulate
state before hardening and the inter-particles bonding are not developed
owing to the fact that the reactions proceed at a finite rate and there has
not been enough strength-enhancing reaction products accumulated. The
onset of hardening, i.e. the moment when the inter-particle bonding is
developed, is taken as the point of “final set”, or the moment when the
setting process is completed. The setting process is therefore the process of
the accumulation of the reaction products (mainly C−S−H in crystal form
and Ettringite), which are to form the inter-particle bonding. It has to be
pointed out that the reactions do not proceed at fixed rates after mixing,
and a brief dormant period (or induction period) exists even before the
setting process. In the dormant period, the cement grains are nearly inert
and have little interaction with the water and clay particles, and all the
particles are suspended in a particulate state.
Reaction heat exchange behavior: The change in the reaction heat
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Figure 2.7: Cement hydration heat evolution with time (adapted from
Nelson, 1990)
evolution can be represented by the rate of heat evolution profile as shown
in Figure 2.7. Since cement hydration and pozzolanic reactions are exother-
mic, the heat evolution profile is the heat release per unit time. As men-
tioned, the cement grains within the dormant period are nearly inert and
this corresponds to the period where the heat evolution rate is at the min-
imum. After the dormant period, the released heat starts to increase and
this suggests that greater extent of reactions are going on. From the end of
the dormant period until the second peak, the setting process takes place
(in between the initial set and the final set with reference to Figure 2.7).
Once the setting is completed, the heat evolution decelerates while the hy-
dration and later the pozzolanic reaction continue to proceed. It is to be
noted that the first peak of heat evolution occurs at the moment when
cement grains are in contact with water. The first peak is largely involv-
ing C3A, (tricalcium aluminate), and the reaction takes place in a very
short period on the surface of the cement grains.
Mechanical characteristic: The change in the macroscopic mechani-
cal characteristics can be illustrated by the schematic representation shown
in Figure 2.8. It is worth noting that the hardening of a cementitious ma-
terial (i.e. the significant strength development) does not occur right after
mixing, i.e. t = 0 if t denotes the curing age. If tf,set denotes the time
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Figure 2.8: Schematic representation of strength development with time)
taken to reach final set, the hardening shall take place from t ≈ tf,set, as
before setting is completed, the majority of the solid particles in the mix-
ture remain in the particulate state (suspended). With comparison to the
strength development in the later age, there is only marginal increase in
strength before setting is completed – or “slight stiffening” during setting
as quoted from Neville (1996). In fact, a G30 concrete develops less than
3% of its final strength at final set (Mindess et al., 2002; ASTM C 403,
2008). This marginal strength development before final set is fundamen-
tally different from the strength development of the hardening mixture in
the later age of curing, as the mixture in the later age of curing has its
constituents bonded into a structural integral and the increase in the bond
strength contributes to the mixture’s strength development. The strength
development in the setting process is mainly due to the accumulation of
reaction products on the surface of cement grain, which in turn enhances
the inter-particle friction/interlocking when the unbounded particles are
displaced relative to one another (i.e. when the flow is initiated).
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2.4 Influence of curing temperature on the
strength development of cement mixed
soils
As hydration and pozzolanic reactions are thermally activated processes,
the strength gain of any cement based material is dependent on the cur-
ing temperature. For cement mixed soils, a number of studies have shown
that the strength development of cement mixed soil is significantly influ-
enced by the curing temperature, and this influence appears to be more
pronounced in the early age of curing (examples: Clare and Pollard, 1954;
Kawasaki and Suzuki, 1981; Porbaha et al., 2000; Fall and Samb, 2006;
Marzano et al., 2008). More importantly in Singapore, as the ambient
curing temperature in the field is considerably higher than the laboratory
temperature as has been discussed in Section 1.3, it is of practical interest
to understand the effect of temperature on the strength development of
cement mixed Singapore clay. From the angle of QC for the cement mixed
clay fill in Singapore, factors such as the water content and cement dosage
usually vary within narrow ranges and are subject to control; however, the
ambient curing temperature is beyond one’s control and is most likely to be
different from the temperature at which the early QC samples are cured.
Therefore for effective QC, it is of paramount importance to study the rela-
tion between the strengths developed at different temperatures at different
curing ages.
Though the influence of curing temperature on the strength of cement
mixed soil has been widely reported, most studies are limited to report-
ing only experimental evidences. To the author’s knowledge, Chitambira
(2004) was the first researcher who conducted systematic research on the
strength development of a cement mixed soil under different temperatures.
A critical review of Chitambira (2004) will be presented in Section 2.4.1,
and this is followed by the review of the curing temperature effect on the
strength behavior of concrete/mortar in both the long term and early age
(in Section 2.4.2 and Section 2.4.3 respectively).
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2.4.1 Chitambira’s approach
Maturity model based on Arrhenius equation has been widely used in con-
crete industry to describe the effect of curing temperature on the strength
development of concrete/mortar (examples: Guo, 1989; Barnett et al.,
2006). Chitambira (2004) demonstrated that the use of such model may
be extended to cement treated soils. In the maturity model, the strength
of a cementitious mix qu increases as the maturity index M increases:
qu ∝M (2.8)
The maturity index M takes into account both the effects of curing
temperature and curing age, and can be expressed as follows:
M =
∫
kT · dt (2.9)
where t is the curing age at the curing temperature of interest; kT the
reaction rate constant at temperature T .
If the temperature T remains unchanged, so does the reaction rate
constant kT . Equation 2.9 is therefore simplified to:
M = kT · t (2.10)
However, kT is not a constant in general with respect to the curing
temperature T but governed by a rule commonly referred to as Arrhenius
law:






where A is a constant; Ea the apparent activation energy (J/mol); R is the
Universal Gas Constant (≈ 8.31 J/mol K); T the curing temperature of
interest expressed in Kelvin. In essence, the Arrhenius law in Equation 2.11
depicts that the rate of a chemical reaction increases with the temperature.
For cementitious materials including the cement mixed soil, the rate of
strength gain increases with the curing temperature if the strength gain is
proportional to the degree of cement reactions.
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In Chitambira (2004), the Arrhenius law as shown in Equation 2.11
was adopted to describe the strength development of the cement mixed
soil under different temperatures. Equation 2.11 implies that once Ea is
known, the relative rate of strength development at one temperature with
respect to another can be obtained. Based on Equation 2.11, a graphical
procedure called “graph shifting technique” was proposed in Chitambira
(2004) to determine Ea, and hence to predict the strength development of
the cement mixed soil at any other given temperature. The basis for the
graphical procedure is explained by Equation 2.13 and 2.14.
Suppose that the maturity index MT1 and MT2 developed under two
different constant temperatures T1 and T2 are equal in magnitude:
MT1 = kT1 · tT1
=MT2 = kT2 · tT2 (2.12)
where tT1 and tT2 are time taken to reach the same maturity under T1 and
T2, respectively; kT1 and kT2 the reaction rate constants under T1 and T2,
respectively.
Suppose that qu,T1 are qu,T2 are the strengths developed at the maturity
MT1 and MT2 . Since qu,T1 ∝ MT1 and qu,T2 ∝ MT2 (refer to Equation 2.8),
the following can be written based on Equation 2.12:
qu,T1 = qu,T2 (2.13)
From Equation 2.11 and 2.13, the following can be derived:














where aT is the “shift factor” in the proposed “graph shifting technique”.
Equation 2.14 implies that it is not meaningful to compare the curing age
without specifying the curing temperature. Whether the cement mixed soil
exhibits the early-age or later-age behavior depends only not only the time
into curing but also the curing temperature.
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To conveniently predict the strength developed at a given temperature,
the strength development with time is better represented by a mathematical
function. The complete form of the maturity model by Chitambira (2004)
is obtained by incorporating Equation 2.14 into Equation 2.7 to describe
the strength development with time under different curing temperatures.
With the proposed maturity model, one can obtain the strength developed
at any given temperature T in relation to the reference temperature T0.
Suppose that Ea and the strength development with time at the reference
curing temperature T0 (and hence A and B in Equation 2.7) are known,
the following can be written:
qu(t, T ) = qu(t0, T0)
= exp{A · [1− e−B·ln (t0)]}
= exp{A · [1− e−B·(ln (t)+aT )]}
= exp{A · [1− e−B·ln (t)−B·EaR ·( 1T0− 1T )]} (2.15)
Equation 2.15 can be used to calculate the strength at curing time t un-
der the curing temperature T , namely qu(t, T ), as equivalent to the strength
developed for the curing age t0 under the reference curing temperature T0,
namely qu(t0, T0).
Figure 2.9, which is reproduced from Chitambira (2004), demonstrates
how the “graph shifting technique” is applied. The shift factor is essentially
how much each curve (both the strength and time in logarithmic scale) is
shifted to form the “master curve”. In Figure 2.9d, Ea is obtained based
on Equation 2.14 by taking the slope of the line plotted from aT versus
(1/T − 1/T0), as R is a constant.
In Chitambira’s proposal (2004), the following assumptions were made:
i. The temperature dependence of the multiple strength enhancing re-
actions can be represented by a single equivalent apparent activation
energy Ea.
ii. The apparent activation energy Ea is independent of the temperature.
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iii. The strength of the cement mixed soil is directly proportional to the
extents of the strength enhancing reactions.
iv. The cement mixed soil develops the same ultimate strength at different
temperatures. And before reaching the ultimate strength, the cement
mixed soil develops the same strength at the same maturity regardless
of the temperature.
(a) Strength versus time (in natural
scale)
(b) Strength versus time (in log scale)
(c) “Master curve” formed from shift-
ing strength development curves later-
ally
(d) Determination of Ea
Figure 2.9: Procedures of graph-shifting and the determination of Ea
(reproduced from Chitambira, 2004; original experimental data from
Kawasaki et al., 1984)
Figure 2.10 shows the application of Chitambira’s proposal to experi-
mental data collected from literatures. Table 2.2 shows the details of the
database used for the making of Figure 2.10
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It is worth noting that in Chitambira’s research (2004), the focus as
well as the subject dealt with in the experimental study was cement mixed
granular soils. Hence, the application of Chitambira’s proposal (2004) to
cement mixed clay needs further validation.
As shown in Figure 2.10, the proposal by Chitambira (2004) appears to
be applicable to various literature data collected. However, the collected
experimental data as presented in Figure 2.10 may contradict one impor-
tant assumption in Chitambira’s proposal (2004) – the ultimate strengths
developed at different temperatures may not be the same. Note that Chi-
tambir’s proposal was developed from experimental study on granular soils
but the database shown in Table 2.2 comprises only fine-grained soils in-
cluding silts and clays. In fact in Figure 2.10, none of the data shows the
same ultimate strength (i.e. a unique plateau). One possible explanation
to this observation is that the curing age did not extend long enough for
the cement mixed soils to reach the ultimate strength. However, judg-
ing from the gentle strength development beyond 7 days of curing, a more
plausible explanation is that the fine-grained soils in the database shown in
Table 2.2 exhibit different strength development behaviors under different
curing temperatures compared to that of granular soils. The higher ulti-
mate strength developed at a higher curing temperature for a cement mixed
fine soil may be attributed to the pozzolanic reactions in which the clay
particles participate. This is distinctively different from a cement mixed
granular soil, where hydration is the sole strength enhancing reaction. The
principal reason for this is that fine particles are natural pozzolan and the
pozzolanic reactions contribute significantly to the strength development
of the cement mixed fine soils including cement mixed clay (Bergado et al.,
1996).
Herzog and Michel (1963) reported that all clay-cement specimens had
much lower amounts of free Ca(OH)2 than that if only normal hydration
took place in the cement and the soil was chemically inert, e.g. granular
soils. This suggests that calcium hydroxides derived from cement hydration
participate in reactions with clay particles, i.e. pozzolanic reactions (Her-














































































































































































































































































































































































































































































(a) Hants clay mixed with ordinary Portland cement (Clare and Pollard,
1954)
(b) Middlesex silty clay mixed with ordinary Portland cement (Clare and
Pollard, 1954)
Figure 2.10: Proposal by Chitambira (2004) applied to various literature
data (to be continued)
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(c) East Canada mine tailing mixed with ordinary Portland cement (Fall
and Samb, 2006)
(d) Yokohama clay mixed with ordinary Portland cement (Kawasaki et al.,
1984)
Figure 2.10: (continued) Proposal by Chitambira (2004) applied to vari-
ous literature data (to be continued)
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(e) Chiba silt mixed with ordinary Portland cement (Enami et al., 1985)
(f) Dongkwanyang clay mixed with ordinary Portland cement (Yun et al.,
2006)
Figure 2.10: (continued) Proposal by Chitambira (2004) applied to vari-
ous literature data (to be continued)
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(g) Artificial clay mixed with 9% ordinary Portland cement at 50% water
content (Marzano et al., 2008)
(h) Artificial clay mixed with 9% ordinary Portland cement at 40% water
content (Marzano et al., 2008)
Figure 2.10: (continued) Proposal by Chitambira (2004) applied to vari-
ous literature data (to be continued)
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(i) Artificial clay mixed with 9% ordinary Portland cement at 33% water
content (Marzano et al., 2008)
Figure 2.10: (continued) Proposal by Chitambira (2004) applied to vari-
ous literature data
representation of the pozzolanic reactions can be written as follows:
Ca2+ + OH− + SiO2 −→ C− S− H (2.16)
Ca2+ + OH− + Al2O3 −→ C− A− H (2.17)
where SiO2 and Al2O3 are silicate and aluminate dissociated from clay par-
ticles, respectively. C−S−H and C−A−H are strength enhancing products
calcium silicate hydrate and calcium aluminate hydrate.
At a higher curing temperature, a higher degree of cement hydration is
reached at the same curing age and this will in turn produce higher amount
of calcium hydroxides Ca(OH)2. Thus one would expect a higher amount
of free Ca(OH)2 to be present in the cement mixed clay if there were no
pozzolanic reactions taking place. However, Noble and Plaster (1970) re-
ported that considerably higher amount of free Ca(OH)2 were detected in
the cement clay mixtures cured under room temperature ( 25 ◦C) than in
the same mixtures cured at 79 ◦C based on X-ray diffractograms conducted
after 43 and 100 days of curing. Given that Ca(OH)2 are only consumed
in pozzolanic reactions, these findings imply that at a higher temperature,
more pozzolanic reactants participate in the pozzolanic reactions and thus
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more strength enhancing products are generated. One could argue that for
cement mixed clays with relatively low cement dosage (or cement amount
Cm), the supply of Ca(OH)2 is determined by the cement dosage and the
dissociation of silicates and aluminates from clay particles – a thermally
activated process – should not stop, the dissociated silicate and aluminate
will hence be the surplus reactants after a long run; in other words a ce-
ment mixed clay should develop the same ultimate strength under different
temperatures as the same amount of pozzolanic reaction products would be
generated with the exhaustion of the same amount of Ca(OH)2. However,
it must be appreciated that the dissociation of silicate and aluminate from
the surface of clay particles and the pozzolanic reactions require an alkaline
(high pH) environment (Herzog and Michel, 1963; Baghdadi, 1982). This
suggests that once a certain amount of Ca(OH)2 is consumed in pozzolanic
reactions, the decrease in pH will cause the dissociation of silicate and
aluminate from clay particles to stop, and hence the pozzolanic reactions.
Moreover, at a higher temperature, a lower pH is required to dissociate
the silicate and aluminate appreciably and this will enable more Ca(OH)2
to participate in pozzolanic reactions. In other words, the supply of ac-
tive silicate and aluminate from dissociation limits the extent of pozzolanic
reactions, and more pozzolanic reaction products are formed at a higher
temperature.
In summary for cement mixed clays, the higher strength developed at
both the early and later ages in the presence of a higher curing temperature
can be explained by:
i. At a given curing age, the higher strength at a higher curing temper-
ature is caused not only by a higher degree of hydration but also by a
higher extent of pozzolanic reactions.
ii. The cement mixed clay cured at a higher temperature develops a higher
ultimate strength by forming more pozzolanic reactions products.
To conclude this section, Chitambira’s study (2004) was a good effort
to conduct a systematic study on the effect of curing temperature on the
strength development of cement mixed soils and to develop a theoretical
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framework to explain the experimental findings; however, the understand-
ing obtained in Chitambira (2004) may be limited to cement mixed granular
soils and there is lack of understanding on the effect of curing temperature
on cement mixed fine-grained soils. Besides, Chitambira’s investigation
(2004) focused on the later-age strength development (i.e. the harden-
ing) under different temperatures. The setting times were measured for
the cement mixed soils in Chitambira (2004) only at the constant room
temperature (21 ◦C), and little was said about the setting behavior under
different temperatures.
2.4.2 Long-term effect of curing temperature on the
strength development of concrete/mortar
As mentioned, the concept of “maturity” and the use of the Arrhenius
law for the strength development under different curing temperatures as
proposed in Chitambira (2004) originated from concrete industry. Vari-
ous relations have proposed between strength and maturity index for con-
crete/mortar, and these relations are mostly in logarithmic and hyperbolic
forms (examples: Chin, 1971; Carino and Lew, 2001; Guo, 1989). It is to
be noted that the maturity index in concrete/mortar research follows the
same definition as in Equation 2.9. In term of the rate constant kT , apart
from the Arrhenius law, which was also adopted in Chitambira (2004), the
Nurse-Saul rate constant function was widely used too (Nurse, 1949; Saul,
1951). The Nurse-Saul rate constant function defines the reaction rate (kT )
as linearly related to the curing temperature:
kT = α · (T − Tdatum) (2.18)
where Tdatum is the datum temperature at which the strength ceases to
increase with time and α the constant of proportionality.
A number of comparative studies have pointed out the influence of
curing temperature on the strength development of cementitious materials
including concrete and mortar is better described by the Arrhenius law
than the Nurse-Saul function (example: Carino, 1982; Guo, 1989; Tank
and Carino, 1991; Barnett et al., 2006). In Kada-Benameur et al. (2000)
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and Ballim and Graham (2003), investigations on the thermal behavior of
cement hydration confirmed that the curing temperature dependence of
cement hydration is suitably described by the Arrhenius law.
It is to be noted that in the investigation on the curing temperature ef-
fect, efforts have been made to separate the setting and hardening stages at
different curing temperatures (Carino and Lew, 2001). More importantly,
the early setting time has been found to vary with the curing temperature
too and hence may be accounted for in the strength development under
different curing temperatures (Pinto and Schindler, 2010). Review on the
effect of curing temperature on the setting behavior of concrete/mortar is
presented in Section 2.4.3 in details.
2.4.3 Effect of curing temperature on the setting be-
havior of concrete/mortar
Similar to the later-age strength development, namely hardening, the set-
ting behavior of concrete/mortar is also affected by the temperature. Carino
and Lew (1983) derived the relation between setting time and maturity
based on the Nurse-Saul function, as shown in Equation 2.18 and found
that the relation was not unique and varied with temperature. Pinto and
Hover (1999) investigated the setting behavior under different temperatures
and reported two important further findings:
i. The relation between setting time and temperature can be successfully
described by the Arrhenius law.
ii. The activation energy involved in the Arrhenius-type relation between
setting time and temperature is different from that in hardening, as
the reactions differ in the two stages of strength development.
The approach proposed by Pinto and Hover (1999) for estimating the









where tset can be either the time taken to reach initial set (denoted as ti,set)
or the time between initial and final sets (denoted as tf,set−ti,set, where tf,set
is the time of final set); Ea,set the apparent activation energy for the setting
process (kJ/mol); T the curing temperature of interest expressed in Kelvin.;
R the Universal Gas Constant (≈ 8.31 J/mol K) and A a constant. 1/tset
represents the rate of reaction to reach a particular state of setting (either
initial set or final set). It is to be noted that Ea,set in Equation 2.19 differs
from Ea in Equation 2.11 appreciably in both the numerical magnitude
and physical meaning. The detailed derivation of Equation 2.19 can be
summarized as follows:
i. Suppose that the cement mixed soil reaches the initial set or final set
with the same extent of reaction (Ki,set for initial set and Kf,set for final
set) at different curing temperatures:




= kiT · ti,set(T )
Initial Set→ Final Set: [Kf,set −Ki,set] = ki→fT0 · [tf,set(T0)− ti,set(T0)]
= ki→fT · [tf,set(T )− ti,set(T )]
where T0 and T are two different temperatures. k
i
T0
and kiT are the equiv-
alent reaction rates from the end of mixing to the corresponding time of
initial set at T0 and T , respectively. Similarly, k
i→f
T0
and ki→fT are the equiv-
alent reaction rates from the initial set to final set at T0 and T , respectively.
At temperature T0, the time of initial set is ti,set(T0), and the time of final
set tf,set(T0). Correspondingly, at temperature T , the time of initial set is
ti,set(T ), and the time of final set tf,set(T ).
ii. Since the rate of reaction is governed by the Arrhenius law, the following
can be obtained based on Equation 2.21:
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Initial Set: ln [
ti,set(T0)
ti,set(T )













Initial Set→ Final Set: ln [ti→f,set(T0)
ti→f,set(T )













where ti→f,set(T0) = [ti,set(T0) − tf,set(T0)] and ti→f,set(T ) = [ti,set(T ) −
tf,set(T )]. R is the Universal Gas Constant (≈ 8.31 J/mol K); Eia,set and
Ei→fa,set are the equivalent activation energies for the early hydration from the
end of mixing until initial set and from initial set to final set, respectively.
iii. Suppose that at temperature T0, ti,set(T0) and tf,set(T0) are known, one
can rewrite Equation 2.21 as follows:






















+ ln [ti→f,set(T0)]} (2.22)
Equation 2.22 is in fact Equation 2.19 in complete form. Since ti,set(T0)
and tf,set(T0) are known, ti→f,set(T0) is known. Moreover R and Eia,set or
Ei→fa,set are constants, the constant A in Equation 2.19 can be expressed as
follows:









+ ln [ti→f,set(T0)]} (2.23)
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From Equation 2.22, Eia,set or E
i→f
a,set can be obtained by taking the
slope from the line plots of ln [1/ti,set(T )] versus 1/T or ln [1/ti→f,set(T )]
versus 1/T , as R is a constant. The plot ln [1/ti,set(T )] versus 1/T or
ln [1/ti→f,set(T )] versus 1/T is commonly referred to as the “Arrhenius
plot”.
The proposed approach to estimate setting times at different tempera-
tures by Pinto and Hover (1999) has been adopted and applied with success
in number of studies (examples: Lei and Struble, 1997; Turcry et al., 2002;
Lachemi et al., 2007; Garcia et al., 2008; Wade et al., 2010). In Pinto
and Hover (1999), both Eia,set and E
i→f
a,set were obtained. However, E
i
a,set
and Ei→fa,set obtained for these two separate sub-stages in the setting process
were close to each other (40.9 versus 37.6 kJ/mol). Analysis of setting
time data reported in Pinto and Hover (1999) suggests that it is possible
to describe the setting process as a single-stage process using the Arrhenius
law and hence to derive a unique Ea,set for the entire setting process (i.e.
from t = 0 till tf,set). By adopting the single unique Ea,set ≈ Eia,set ≈ Ei→fa,set,
Equation 2.22 can be simplified as follows:







+ ln [tf,set(T0)]} (2.24)
Figure 2.11 shows the Arrhenius plot for the single-stage setting process
based on the setting time data reported in Pinto and Hover (1999), and
linear relation between ln (1/tf,set) and 1/T can be readily observed. Garcia
et al. (2008) reported similar observations and the linear relation between
ln (1/tf,set) and 1/T is shown in Figure 2.12.
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Figure 2.11: Arrhenius plot for the single-stage setting process (t = 0 →
tf,set; data reported in Pinto and Hover, 1999)
Estimating setting times at different temperatures has important impli-
cations in concrete industry. The setting time under the site condition has
to be accounted for in the construction schedule, as the concrete is only
workable before hardening. In slip-forming construction, the knowledge of
setting time under site condition is vital to the success of the construction
operations (Lachemi et al., 2007).
For cement mixed soils, if the setting behavior does exist as similar to
concrete/mortar, it is also important to estimate the setting times under
different temperatures as the site temperature usually differs from that
in the laboratory and often varies. One important implication for such
estimation is on the in-situ QC, as a QC test relating to the later age
strength shall be conducted on the hardened cement mixed soil, i.e. after
final set tf,set.
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(a) CEM I cement
(b) CEM II-A cement
(c) CEM II-B cement
Figure 2.12: Arrhenius plot for the single-stage setting process (t = 0 →
tf,set; data reported in Garcia et al., 2008)
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2.5 Early quality control of cement mixed
soils
In this section, the Quality Control (QC) of cement mixed soils is discussed.
Since one focus of this thesis is on the QC of cement mixed Singapore
marine clay as fill for containment bunds, some special requirements arising
from this application are discussed and comparisons are drawn against QC
of more conventional application of cement mixed soils such as deep soil
mixing (DSM).
The Quality Assurance (QA) and Quality Control (QC) are often dis-
cussed together as two integral components of the quality assessment sys-
tem, but refer to different activities. According to state-of-the-art reports
of cement mixed soils (Porbaha, 2002; Larsson, 2005; Madhyannapu et al.,
2010; Terashi and Kitazume, 2011), QC is essentially the monitoring and
recording of mixing and casting operations, which includes the designated
cement dosage (mix proportions), required mixing time, designated mixing
location, etc. On the other hand, QA is comprised of various measures
to guarantee that the client receives the finished product (i.e. the treated
ground) as per the design requirements. Verification tests are often con-
ducted to check whether the property of the treated ground is satisfactory.
Figure 2.13 adapted from Madhyannapu et al. (2010) illustrates how the
common quality assessment system works for construction projects involv-
ing the use of cement mixed soils. It can be noticed in Figure 2.13, a
precondition to the QA/QC practice is that pre-construction laboratory
and/or field trials are conducted and hence site-specific design parameters
are determined. Therefore, by monitoring or controlling the mix propor-
tions and the various construction parameters based on the successful trials,
the quality of the treated ground can be guaranteed.
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Figure 2.13: Typical QA/QC procedure for the construction of cement
mixed soil, after Madhyannapu et al. (2010)
However, it must be pointed out that only DSM are considered in the
state-of-the-art/state-of-practice reports (Porbaha, 2002; Larsson, 2005;
Madhyannapu et al., 2010; Terashi and Kitazume, 2011) as it is the the
most traditional application of the cement mixed soils. In DSM, the vol-
ume/area of the treated ground is limited or much smaller than that in land
reclamation. For this reason, the trial tests may be conducted in an exhaus-
tive manner and the actual property of the treated ground can be closely
related to the designated mix proportions and construction parameters.
Therefore, controlling the mix proportions and construction parameters in
the actual construction is approximately equivalent to the QC of treated
ground. This QC approach in DSM may not be valid for applications where
cement mixed soils are used in very large volume as reclamation fill due to
the following reasons:
i. In land reclamation, huge volume/area of cement mixed soil is involved.
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As discussed in Section 1.3, it is common to have a few million m3 of
the cement mixed soil as fill in a land reclamation project [examples:
∼ 5.5 million m3 used in Central Japan International Airport project,
Watabe and Noguchi (2011); ∼ 3 million m3 used in the containment
bund construction in Singapore]. Therefore, the pre-construction trials
cannot be exhaustive. Moreover, as the project often takes a long
duration, factors such as the temperature change and tidal fluctuation
can contribute to the uncertainty of the quality of treatment and hence
weaken the relation between the design parameters and the property
of the cement mixed soil. As a result, monitoring the construction
procedures will only enable the construction crew to spot operational
mistakes instead of giving timely indication of the quality (i.e. the final
property of the cast cement mixed soil).
ii. Due to the scale of land reclamation, the consequence of unsatisfactory
treatment is very costly and often irrevocable. In DSM, the worst case
scenario would be the mixed columns were found unsatisfactory in the
post-construction QA stage, and the column had to be removed as a
whole, or new columns constructed. This is serious but is not on a par
with removing cement mixed soils after the 28-day strength test shows
the reclamation fill is unsatisfactory. The volume of removal could be
the volume of production of cement mixed soil for 28 days, or easily
tens of thousands of m3 (considering the production rate can be as high
as ∼ 2000 m3 in every 3-4 hours; refer to Section 1.3). This explains
why early indication of the actual quality (i.e. the final property of
the cast cement mixed soil) is of great importance in projects where
cement mixed soils are used as fill.
iii. Last but not least, in DSM as the treated ground functions as structural
support, overdose of cement may be always favorable as the increase
in cement dosage gives rise to increase in strength. However, in land
reclamation, again due to the volume of treatment, any minor overdose
in unit volume will be scaled up to a considerable amount in total. Not
only the overdose incurs unnecessary cost, the increase in strength may
be unfavorable as often, the final purpose of the reclaimed land is not
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determined apriori.
Therefore, a different mindset is needed for the QC of using cement
mixed soil as fill. Due to the fact that using cement mixed soil as fill is
a relatively new technology, there has not been any state-of-the-art/state-
of-practice summary of its QA/QC. In a case example – Central Japan
International Airport (Kitazume and Satoh, 2005; Kitazume and Hayano,
2007) where cement mixed clay was used as fill, two tests were adopted
specially for the QC. The first was the 3-day UCT. Note that in Porbaha
(2002), Larsson (2005), Madhyannapu et al. (2010) and Terashi and Ki-
tazume (2011), the curing time for UCT test is always 14 days or 28 days.
In fact after 14 or 28 days of curing, as the treated ground is already
hardened, one has to take the treatment as it is, whether the quality is
satisfactory or not without exerting any “control”. Discussed in Kitazume
and Hayano (2007), as the qu(3day) is well correlated to qu(28day), the
3-day UCT provides earlier feedback and the construction crew may make
adjustment to the design in the construction based on the feedbacks. It is to
be noted that in the recent land reclamation project in Singapore, qu(3day)
has been proposed as a QC index. However, it has not been shown any
property that is obtained within 2 days of curing (48 hours) can be used as
an index property for QC. This explains why in this study, early strength,
or in general term, early property refers to the property obtained within
48 hours of curing, which is set out clearly in the scope of this thesis (refer
to Section 1.4). The other test adopted specially for the QC of the cement
mixed clay fill constructed in Central Japan International Airport was the
flow value test (Kitazume and Satoh, 2005). Due to the fact that the flow
value test (FVT) is neither standardized nor a common test in geotechnical
engineering, a review is given in Section 2.5.1.
Following the discussion presented in Section 2.4, it is possible to accel-
erate the curing by curing the cement mixed soils at elevated temperatures.
More precisely, based on the maturity concept presented in Equation 2.8
to 2.11, to attain a certain strength, the duration of curing at a higher
temperature can be much shorter than than that at a lower temperature.
If the curing is “accelerated” by the use of the elevated temperature, the
test conducted after the curing is referred to as an “accelerated test” here-
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inafter. Some preliminary studies have shown that an accelerated test can
be feasible in practice. Thus a more elaborate review of the accelerated
test is presented in Section 2.5.2.
Due to wider applications and controlled manufacturing, there are more
rigorously imposed quality requirements and hence better established QC
on concrete/mortar structural elements, as compared to cement mixed soils.
Moreover, both FVT and the accelerated test for cement mixed soils are
inspired and extended from the tests on concrete/mortar. Therefore, a
review of the early QC for concrete/mortar is also presented in this section.
2.5.1 Flow value test
The Flow Value Test (FVT) is in fact a version of the well-known slump
test, which originated and is widely used still in the concrete industry to
determine the workability of a fresh concrete. FVT deviates from slump
test in that only the flow spread diameter is reported, rather than the slump
height. In Section 3.4.1, the detailed procedure of FVT is presented, and
a graphical illustration is given in Figure 3.10.
Rationalization of the slump test and hence FVT is presented in Section
2.5.3. As far as the slump test in concrete industry is concerned, the
slump test measures only the workability of the concrete at the moment of
testing. Similarly, no proven relation between the flow value and the later-
age strength of the cement mixed soil has been reported. It is interesting
to note that in the early QC programme in the construction of the Central
Japan International Airport (Kitazume and Satoh, 2005), the flow value
shows considerably less scatter than the corresponding later-age qu (c.o.v
of 15.2 % versus 32.7 %). This finding suggests that the flow value is not
sensitive to the change in qu. Figure 2.14 shows the frequency distribution
of the treated soil properties (adapted from Kitazume and Satoh, 2005).
In the recent land reclamation project in Singapore, FVT was virtually
the only QC measure at very early age of curing. Hence even it was under-
stood that FVT was developed to measure the workability of the mixture,
attempt had been made to relate the flow value to the later-age strength of
the mixture. Similar to the slump test in concrete technology, the useful-
ness of FVT as a workability test for cement mixed soil is unquestionable.
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However, it is questionable whether the flow value can be used as an early
QC index to correlate to the mixture’s later age strength. In Section 3.4,
the effectiveness of FVT as a early QC test is assessed in details.
(a) Frequency distribution of flow value
(b) Frequency distribution of qu
Figure 2.14: Frequency distribution of the treatd soil property (adapted
from Kitazume and Satoh, 2005)
2.5.2 Accelerated test of cement mixed soils
As has been discussed in Section 2.4, the rate of strength development of
a cement mixed soil increases when cured at an elevated temperature. In
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other words, the strength development of the cement mixed soil is “ac-
celerated”. The test on the sample cured under an artificially elevated
temperature condition may be referred to as the “accelerated test” fol-
lowing the terminology in concrete research, as tests based on the same
principle are widely recognized in concrete industry. A detailed review of
the accelerated test on concrete/mortar is given in Section 2.5.4.
Inspired by the accelerated test on concrete/mortar, Baghdadi (1982)
proposed an accelerated test procedure and carried out the proposed test on
soil-cement mixes in the laboratory. To the author’s knowledge, the study
by Baghdadi (1982) is the earliest yet so far only study of the accelerated
test on cement mixed soils. Artificial soils (kaolinite clay and crystal silica
sand) were used for Baghdadi’s study and the accelerated test procedure
was modified from its counterpart for concrete materials, which was the
boiling water method specified in ASTM C 684 (2003). Baghdadi (1982)
showed that qu(28day) or qu(7day) obtained in the standard room tem-
perature curing condition can be predicted based on the strength obtained
in the accelerated test [denoted as qu(acc)] within an ± 15 % error range,
and that the correlation of qu(7day) — qu(acc) or qu(28day) — qu(acc)
is independent of soil type. The limitations of Baghdadi’s study are as
follows:
i. Soils were totally artificially made.
ii. Limited mix proportions were tested. Only two mix designs were tested
for each type of the soils, and the optimum water content (from the
Proctor test) was always adopted.
iii. Aside from reporting the experimental findings including the correla-
tion of qu(7day) — qu(acc) or qu(28day) — qu(acc), there lacked ratio-
nalization of the proposed accelerated test. To be more specific, these
promising correlations reported in Baghdadi (1982) suggest that the
strength obtained in the accelerated test and the later-age strength
obtained under the standard room temperature condition are likely to
be fundamentally related, but little effort was made in Baghdadi (1982)
to reveal the fundamental relations.
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Despite the above-mentioned limitations, the study by Baghdadi (1982)
demonstrated the feasibility and possibility of using the proposed acceler-
ated test for the early QC of cement mixed soils. However to the author’s
knowledge, there has not been any documented implementation of the ac-
celerated test in the actual construction of cement mixed soils. In compar-
ison with the accelerated test on concrete/mortar, which has been widely
recognized and practically applied in major construction projects (refer to
Section 2.5.4), the lack of recognition of the accelerated test on cement
mixed soils may be attributed to the fact that cement mixed soils see a
much narrower range of application than concrete/mortar.
It is to be noted that Biswas (1972) and Mooney and Toohey (2010)
studied accelerated test on lime mixed clays. From Section 2.2, the review
regarding the lime mixed clay and its comparison to the cement mixed
clay is this study is justifiable due to the fact that clay-lime interaction
shares some common features with clay-cement stabilization in terms of
chemical reactions (hydration and pozzolanic reactions), and the elevated
curing temperature has been also found to increase the rate of reaction and
hence the early strength gain of the lime mixed clay (George et al., 1992;
Bell, 1996).
Biswas (1972) studied the accelerated test on six different types of soils
mixed with lime, including the “problem” soils containing sulphates and
organics. 3 different elevated temperatures were used: 105 ◦F (∼ 40 ◦C),
120 ◦F (∼ 50 ◦C) and 140 ◦F (∼ 60 ◦C). Biswas concluded that the lime-soil
reaction products at elevated temperature are the same as those obtained
under the room temperature 73 ◦F (∼ 23 ◦C). This conclusion was made
based on the observation that the patterns of strength development were
similar with each other regardless of the curing temperature. 105 ◦F (∼ 40
◦C) was eventually recommended in Biswas (1972) for the accelerated test
due to the ease of handling at this temperature. Mooney and Toohey (2010)
applied 105 ◦F (∼ 40 ◦C) high temperature curing for 5 days or 7 days on
lime mixed clay, in order to obtain an equivalent 28-day strength at 73 ◦F
(∼ 23 ◦C). In other words, the approach taken in the study by Mooney
and Toohey (2010) was to fix the curing duration, so that the sample cured
under the elevated temperature after the specified curing duration develops
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strength that is equivalent to the 28-day strength of the sample cured in
the standard room temperature condition. In fact, both Biswas (1972)
and Mooney and Toohey (2010) concluded that there does not exist an
universally applicable curing duration at an elevated temperature that is
equivalent to 28 days of curing in the standard room temperature curing
condition. Therefore, the philosophy of fixing an equivalent curing duration
at the elevated temperature should not be adopted in the accelerated test.
2.5.3 Slump test of concrete/mortar
In concrete industry, slump test is known to measure the“workability” of
the concrete/mortar materials. The term “workability” is often criticized
as a term “broadly”, “loosely” or even “ill” defined (Neville, 2006; Ferraris
and De Larrard, 1998; ACI, 2008). Nevertheless, workability describes the
ease of placement of a fresh mixture or how “flowable” is the fresh mixture
in slurry form.
It is widely accepted that the mechanical behavior of a fresh cementi-
tious slurry can be characterized by the Bingham fluid model (Shaughnessy
and Clark, 1988; Ferraris and De Larrard, 1998; Ferraris et al., 2001; Chen
and Lee, 2002; Mindess et al., 2002). Two parameters are involved in the
Bingham model: the yield stress and the viscosity. The yield stress is the
minimum stress that needs to be applied to initiate the flow of the viscous
fluid. It has been shown by many that the slump behavior indicates the
yield stress and only the yield stress of the cementitious slurry (Murata,
1984; Pashias et al., 1996; Schowalter and Christensen, 1998; Saak et al.,
2004). Moreover, if the slurry is taken as a Bingham fluid, an analytical
solution has been derived for the calculation of yield stress based on the
measured slump height (Pashias et al., 1996; Schowalter and Christensen,
1998). Using the analytical model for cylindrical geometry, the yield stress















where τ is the yield stress of the material; ρ is the total density of the fluid;
g is the gravitational acceleration ∼ 9.81 m/s2; S and H are slump height
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and original height of the cylinder respectively. Figure 2.15 shows the
parameters schematically. It is to be noted that the derivation of Equation
2.25 only takes into consideration the static self-weight equilibrium. Hence,
no term for the viscosity of the Bingham fluid is included in Equation 2.25.
Figure 2.15: Schematic diagram of the initial and final states of the slump
test (after Pashias et al., 1996)
Saak et al. (2004) showed that in the slump test, the flow diameter
is inversely proportional to the slump height, and hence is also governed
by the yield stress of the mixture. The Flow Value Test (FVT), as has
been reviewed in Section 2.5.1 as a version of the slump test, can hence be
regarded as a test of the mixtures yield stress as well.
Useful in indicating the mixture’s workability, the slump test has yet
been reported to show any proven relation with the later-age strength of
the concrete. Similar to concrete, it is hence questionable if the flow value
obtained from FVT on a cement mixed soil has any correlation with the
mixture’s later-age strength [example: qu(28day) or qu(91day)].
2.5.4 Accelerated test of concrete/mortar
As has been discussed in Section 2.4, an increase in the curing temperature
not only increases the rate of strength development but also shortens the
setting time of concrete/mortar. Therefore, by curing the concrete/mortar
at an elevated temperature, it is possible to “accelerate” the strength de-
velopment.
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In concrete industry, early QC making use of the accelerated strength
development under the elevated curing temperature dates back to 1930s
(Gerend, 1927; Patch, 1933). In 1970s, early QC making use of the acceler-
ated strength development received wider acceptance, as is marked by the
publication of ACI SP-56 (1978), and the early QC test following the curing
under the elevated temperature was commonly referred to as the “acceler-
ated strength test” or “accelerated test”. The accelerated test is especially
suitable for the QC of modern mass-construction of concrete, where the
engineers need to monitor the quality of the concrete continuously and to
make early QC decisions based on the feedback from the QC test, due to
the often large scale and high rate of concreting in such projects (Binns,
2003). This purpose is very similar to cement mixed soils used for land
reclamation purpose. The accelerated test for the early QC of concrete
has been implemented with success in major construction projects includ-
ing Canada’s national tower (Bickley, 1978), La Angostura power plant in
Mexico (Ferrer, 1978) and King Abdullah hospital in Jordan (Resheidat
and Ghanma, 1997).
Even though the curing/testing procedure of the accelerated test differs
considerably from case to case, the underlying principle for the early QC
based on the accelerated test varies little. A correlation is usually estab-
lished between the later-age strength under the standard curing condition
and the strength obtained in the accelerated test. Hence, once the strength
of the QC sample is tested in the accelerated test, the corresponding later-
age strength can be predicted based on the established correlation (exam-
ples: Malhotra and Zoldners, 1969; Nasser, 1978; Oztekin, 1987; Das Gupta
and Tam, 1989; Meyer, 1997; Ozkul, 2001; Al-Rawi and Al-Murshidi, 1978;
Tokyay, 1999).
Table 2.3 summarizes some of the applications of the accelerated test
on concrete.
As shown in Table 2.3, the strength obtained in the accelerated test
qu(acc) has been reported by most as linearly related to the later-age
strength developed under the room temperature curing. This relation of
qu(t) – qu(acc) is similar to that of the cement mixed soil in the accelerated










































































































































































































































































































































































































































































































































































































































































































































Accelerated test procedures have been standardized internationally. The
two most well-known standards are BS 1881-112 (1983) and ASTM C 684
(2003), amongst others. In Carino (2006) and Binns (2003), the standard-
ized accelerated test procedures are reviewed in details. It is interesting to
point out that in Binns (2003), the advantages as well as the shortcomings
of the accelerated test are summarized, as quoted below:
There is a strong case to be made for abolishing the specification
of concrete strength on the basis of tests carried out at 28 days in
favour of high-temperature accelerated testing or tests at 7 days.
Where a proven relationship exists between accelerated/early-
age strength and 28-day strength, formal acceptance of confor-
mity may be made as soon as the early test results are made
available. · · · Accelerated testing, based on the use of elevated
temperatures, suffers the disadvantages of requiring (a) strict
discipline for control of timings and temperatures that does not
lend itself readily to typical construction or production schedules
and (b) occasional weekend testing. 7-day testing at standard
temperature is convenient and, subject to the establishment of
appropriate correlation, can be used for routine production con-
trol and for conformity testing.
Therefore even for concrete, whose property is much more uniform than
that of cement mixed soil due to the fact that the concrete is a manu-
factured material, the accelerated test is favoured by many as a QA/QC
test for providing earlier results than the standard 28-day test and for its
proven relation with the 28-day strength. The factor that limits an wider
application of the accelerated test is due mostly to the difficulties in the
construction management, especially in the test scheduling.
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2.6 Summary
The following can be summarized from the literature review presented in
this chapter:
i. Few have studied the early strength behavior of cement mixed soils.
The commonly used models for the strength development of the cement
mixed soil with time have been reviewed and are shown to be ineffective
in predicting the early strength of the cement mixed Singapore marine
clay. This is due to the fact that these models were not developed for
the prediction of early strength development.
ii. Though briefly mentioned in Seng and Tanaka (2011) and Clare and
Sherwood (1954), the setting behavior of cement mixed soil has neither
been rigorously defined, nor has been systematically studied. In view of
the lack of understanding on the setting behavior of cement mixed soils
and the importance of setting in the mixture’s early strength develop-
ment, a systematic study on the setting behavior of the cement mixed
soil is needed. Inferred from cement/concrete research, the 3 aspects
of the setting behavior, namely the changes in the microstructure,
the changes in the reaction heat exchange and the changes in
the mechanical characteristics, may constitute the basis for iden-
tifying the setting of the cement mixed soil.
iii. Many have reported that the cement mixed soil shows higher rate of
strength gain at a higher curing temperature. On the other hand, to
the author’s knowledge, Chitambira (2004) is the first and only re-
searcher who studied the effect of curing temperature systematically.
Inspired by the “maturity” concept in concrete research, Chitambira
(2004) proposed a model based on the Arrhenius law to describe the
strength development of a cement mixed soil under different tempera-
tures. Through the application of the proposed model by Chitambira
(2004) on literature data, it is realized that this model in its present
form may not be suitable for cement mixed fine soils, as they exhibit
different strength behavior from cement mixed granular soils. To be
more specific, the ultimate strength developed at a higher temperature
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is higher for cement mixed fine soils; whereas for cement mixed gran-
ular soils, approximately the same ultimate strengths are developed
at different curing temperatures. As the effect of curing temperature
has important implications on the QC of cement mixed clay in Singa-
pore, a systematic experimental investigation is needed to validate the
findings from the literature review and hence to better understand the
influence of curing temperature on the strength of the cement mixed
Singapore marine clay.
iv. In concrete research, it has been found that the setting time of con-
crete/mortar is influenced by the curing temperature. Similar to the
later-age strength development under different temperatures, Pinto
and Hover (1999) adopted the Arrhenius law as the basis for the re-
lation between the setting time and temperature. Moreover in this
literature review, it is shown that the model proposed by Pinto and
Hover (1999) may be simplified based on the analysis of the literature
data. Inferred from concrete research, the effect of temperature on
the setting behavior has important implications on the QC of cement
mixed Singapore marine clay. Therefore, in the study of setting be-
havior of the cement mixed clay, the effect of temperature has to be
studied as well.
v. The QC practice of cement mixed soil is reviewed in this chapter. It is
found that the most commonly adopted QC practice is developed for
DSM, and hence is only suitable for DSM but not for cement mixed
clay fill. Kitazume and Satoh (2005) used FVT for the early QC of
cement mixed clay fill, however the effectiveness of FVT as a early
QC test is questionable. This judgment is supported by studies in
concrete research, as FVT is in fact a version of the famous slump test
in concrete industry.
vi. In mass concreting projects, accelerated test based on elevated tem-
perature curing has been adopted as an early QC technique with suc-
cess. Without relating to the effect of an elevated temperature on the
strength of a cement mixed sol, Baghdadi (1982) conducted laboratory
experiment to show that the accelerated test based on elevated tem-
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perature curing is also feasible for cement mixed soils. On the other
hand, Baghdadi’s study is preliminary as the soils used were totally
artificial and the mixing proportions were simplified to be at the opti-
mum moisture content. With better understanding of the temperature
effect on the strength of cement mixed soils, it is worth exploring if the
accelerated test based on elevated temperature curing can be used as
an early QC technique for cement mixed Singapore marine clay. This




In this chapter, materials, methods and procedures of the experimental in-
vestigations are presented. It is to be noted that a key motivation of this
research is to improve the practical early QC of a land reclamation project
in Singapore, where cement mixed clay is used as fill for a containment
bund. Thus, the materials used in the actual construction of the contain-
ment bund are adopted in the experimental investigations in this research.
To confirm that FVT is not effective as a QC test for the cement mixed
clay fill in the containment bund construction, an experimental assessment
is conducted. This assessment is discussed in this chapter. The assessment
results conclude that FVT is not relevant in this research.
3.1 Materials
3.1.1 Singapore Upper Marine Clay
Soil sample used in this study is Singapore Upper Marine Clay (UMC)
dredged from the northeastern part of Singapore. Soil lumps are broken
down using mechanical pan mixer (see Figure 3.1) first. After the soil
lumps are broken down, impurities such as shells and stones are removed.
The basic properties of UMC have been reported in various studies (Tan
et al., 2002; Chin, 2006). Basic properties of the UMC used in this study
are summarized in Table 3.1, where the classification tests were carried out
following BS 1377-2 (BSI, 1990a). The soil is classified as high plasticity
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clay (CH) under USCS.
Figure 3.1: Mechanical pan mixer
Table 3.1: Basic properties of Singapore Upper Marine Clay (UMC) used
in this study
Liquid Limit (%) 85-92
Plastic Limit (%) 25-46
Specific Gravity (g/cm3) 2.62-2.69
Clay Fraction (%) >50 %
Sand Fraction (%) <5 %
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3.1.2 Portland Blast Furnace Cement
Cement used in this study to mix with UMC was the Portland Blast Fur-
nace Cement (PBFC) with 65% of slag content. The basic physical proper-
ties and chemical compositions of PBFC are given in Table 3.2 and Table
3.3.
Table 3.2: Basic physical properties of Portland Blast Furnace Cement
(PBFC) used in this study
Density 3000 kg/m3
Fineness (Blaine Surface) 404 m2/kg
Initial Setting Time ∼189 mins
Final Setting Timee ∼225 mins
Soundness <1 mm
Consistency 30 %
PBFC supplier: United Cement Pte Ltd
Table 3.3: Basic chemical compositions of Portland Blast Furnace Cement
(PBFC) used in this study
Chemical Composition (% m/m)
Silica, SiO2 39.41
Alumina, Al2O3 11.63
Ferric Oxide, Fe2O3 3.35
Calcium Oxide, CaO 36.56
Magnesium Oxide, MgO 5.52
Sodium Oxide, Na2O 0.32
Potasium Oxide, K2O 1.21
Sulfate, SO3 1.84
Chloride, Cl− <0.02
PBFC supplier: United Cement Pte Ltd
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It is to be noted that in addition to experimental investigations, val-
idation tests were also conducted in the from of independent laboratory
experiments. As presented in Chapter 5, data series VA8 (Table 5.1) in-
volves UMC mixed with ordinary Portland cement (OPC) and the test was
conducted for validation purpose. The basic physical properties and chem-
ical compositions of the OPC are summarized in Table 3.4 and Table 3.5,
respectively. The same OPC was used in Xiao (2009).
Table 3.4: Basic physical properties of Ordinary Portland Cement (OPC)
used in this study
Density 3150 kg/m3
Fineness (Blaine Surface) 363 m2/kg
Initial Setting Time ∼180 mins
Final Setting Timee ∼210 mins
Soundness <1 mm
Consistency 29 %
OPC supplier: Singapore Cement MFG Pte Ltd
Table 3.5: Basic chemical compositions of Ordinary Portland Cement
(OPC) used in this study
Chemical Composition (% m/m)
Silica, SiO2 20.26
Alumina, Al2O3 4.31
Ferric Oxide, Fe2O3 3.61
Calcium Oxide, CaO 63.19
Magnesium Oxide, MgO 3.25
Sodium Oxide, Na2O 0.25
Potassium Oxide, K2O 0.30
Sulfate, SO3 2.06
OPC supplier: Singapore Cement MFG Pte Ltd
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3.1.3 Seawater
Seawater is used for both the mixing and curing in this study. The reasons
for using seawater are as follows:
i. The UMC sample was dredged from seabed. Due to the sample’s high
clay fraction, it was not feasible to completely remold the sample with
fresh water.
ii. Seawater in a land reclamation project is easily accessible. In the
actual construction of the containment bund by cement mixed clay in
Singapore, seawater is used for mixing as has been shown in Section
1.2; the curing is inevitably in seawater condition as the construction
is offshore.
Salinity tests have shown that the salinity of the seawater used in this
study is ∼ 3.03 %. The contents of chloride ions and sulphate ions are 1.67
% and 0.25 %, respectively.
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3.2 Experimental methods
3.2.1 Preparation of cement mixed clay mixture
Samples are pre-treated and the water content is determined before mixing
with cement. In order to allow time for the oven-drying of the water con-
tent measurement samples, one has to take the water content measurement
at least one day before mixing with cement. While the water content mea-
surement samples are being dried up in the oven, the pre-treated sample is
kept in the humidity chamber to minimize the moisture loss. Pre-treatment
is essentially a mixing process in which the sample is homogenized using
the Hobart mixer, as shown in Figure 3.2. A small quantity of seawater is
introduced into the sample so as to facilitate the pre-treatment mixing.
Prior to mixing the soil sample with cement, the dry weight of soil is
first calculated based on the water content and the total weight of soil
sample. Similarly, the amount of additional seawater is also calculated and
added to the soil sample. The cement dosage, commonly expressed in Cm
(cement amount per unit volume of mixture, kg/m3) in this study, can
then be calculated based on the the dry weight of the soil and the total
weight of the water, as the specific gravity of the cement particle and soil
particles are known (refer to Table 3.1, 3.2 and 3.4). Last, the desired
amount of cement powder is poured into the mixing bowl. The mixing
process takes 10 minutes in total, of which 1 minute is allowed for scraping
the materials attached to the side wall and bottom of the mixer bowl using
a spatula so as to avoid any “dead corners” of the machine mixing. The
use of Hobart mixer and the total mixing period of 10 minutes follow the
Japanese standard JGS 0821 (Japanese Geotechnical Society, 2000). The
Hobart mixer operates at a constant rate of 180 rpm. The total unit weight
and the water content of the mixture are taken upon completion of mixing
to monitor the consistency of the mixture.
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Figure 3.2: Hobart mixer
3.2.2 Preparation of test specimen
For unconfined compression tests, the cement mixed UMC mixture has to
be molded into standard sized specimens. Immediately after mixing, the
mixture is placed into disposable plastic molds 50 mm in diameter and
100 mm in height and left for curing inside the mold. Prior to testing, the
mold is opened and the hardened standard sized specimen is taken out. The
disposable plastic molds are manufactured by Flowric Co., Ltd. following
the Japanese standard (JGS 0821, Japanese Geotechnical Society, 2000).
For laboratory vane shear tests and miniature T-bar penetrometer tests, no
standard sized test specimen is needed. However, to ensure the consistency
from test to test and to observe the test boundary conditions, plastic square
box containers are used to contain the mixture after mixing (L = 8 cm ×
B = 7 cm × H = 4 cm). These containers filled with cement mixed UMC
are immersed in water for curing and are used as test specimens in both
the laboratory vane shear test and the miniature T-bar penetrometer test.
Multiple specimens were prepared for T-bar or vane tests from the same
batch of mixture. Since both the miniature T-bar penetration test and vane
shear test involve penetration and are destructive in nature, each specimen
was only tested once .
To minimize the air voids trapped inside the specimens (in both the
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Figure 3.3: Hot water bath for curing under elevated temperatures
cylindrical mold and the square box container), the mixture is compacted.
The mixture is placed into the mold or the box container in three layers (40
% full, 80 % full and 100 % full, respectively), and the mixture is compacted
after each layer has been placed. The manual compaction is performed by
lightly tamping the mold/container with mixture inside on the ground by
a fixed number of blows (60 times per layer). Similar specimen making
procedure has been reported by Tan et al. (2002).
3.2.3 Curing
Specimens are fully immersed in seawater for curing. Under the standard
room temperature condition, specimens are cured inside the curing box
filled with seawater in the air-conditioned laboratory (23 ±2◦C). For curing
under the elevated temperatures, constant temperature hot water bath is
used. Figure 3.3 shows the PolyScience hot water bath used in this study.
Similar to the curing under the standard room temperature condition, the
specimens are fully immersed in the seawater in the hot water bath.
Leeching of calcium ions can occur if a cementitious material is cured
with direct contact with water, and severe leeching can lead to degradation
of the cementitious material (usually in the form of increased porosity on
the surface). On the other hand, curing cement mixed clay under water is
a widely adopted curing method in Singapore (examples: Kamruzzaman,
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2002; Xiao, 2009) as well as in other parts of the world (examples: Yun
et al., 2006; Van Impe and Verastegui Flores, 2006). No case of degradation
due to the leeching of calcium ions has been reported to the author’s knowl-
edge. This may be due to the fact that the specimens are usually cured for
a standard curing duration of 7 days or 28 days, and the rate of leeching
is so low that only insignificant amount of calcium ions are leeched out
hence no sign of leeching can be observed. It is understood that the rate of
leeching increases significantly with an increase in the curing temperature
(de Larrard et al., 2010). Therefore, caution was exercised for specimens
cured for more than 28 days under the elevated curing temperatures. To
prevent damage to the specimens due to the leeching of calcium ions, spec-
imens cured for more than 28 days under the elevated curing temperatures
were deliberately made with a small amount of mixture overflowing from
the top of the mold. The hardened overflown mixture served as a “sacrifi-
cial protection layer” for the specimen, and was carefully trimmed off using
a pen knife before the specimen was extracted from the mold for testing.
No sign of degradation was observed on specimens in the various tests in
this study.
3.2.4 Unconfined compression test
Unconfined compression tests (UCT) are conducted in this study follow-
ing BS 1377-7 (1990b) using the Wykeham Farrance loading frame. The
machine displacement rate is set to be 1 mm/min. Figure 3.4 shows the
loading frame used in this study.
3.2.5 Laboratory vane shear test
Laboratory vane shear tests are conducted following ASTM D 4648 (2005)
using the Wykeham Farrance laboratory vane apparatus. The rotor rate is
set to 10 ◦/min. The vane used in this study is four bladed, with dimensions
of 12.7 mm by 12.7 mm. Figure 3.5 shows the vane apparatus along with
the vane used in this study.
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Figure 3.4: UCT loading frame in this study
(a) Vane apparatus (b) Miniature vane
Figure 3.5: Apparatus and the miniature vane used in this study
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3.2.6 Miniature T-bar penetrometer test
Full-flow penetrometers including T-bar are increasingly popular in recent
years for both site and laboratory investigations. Stewart and Randolph
(1994) described in detail the testing procedure and interpretation of the
T-bar penetration test in the field. In this study, a miniature T-bar mea-
suring 25 × 5 mm is fabricated and used for laboratory testing purpose. A
variable-speed electrical motor is used in this study to push the T-bar into
samples at constant rates. Similar laboratory testing systems can be found
in Chung et al. (2006) and Low and Randolph (2010). The T-bar pene-
tration rate adopted in this study is 3 mm/s. Based on the criterion for
loading rate as proposed in Finnie and Randolph (1994), 3 mm/s will en-
sure the loading by the penetration of T-bar to be fully undrained. Figure
3.6 and Figure 3.7 show the T-bar testing system and the penetrometer,
respectively.
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(a) Schematic illustration of the T-bar testing system
(b) Photo of the T-bar testing system
Figure 3.6: T-bar testing system in this study
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Figure 3.7: Miniature T-bar used in this study
3.2.7 Isothermal calorimetry test
The isothermal calorimetry test is not a common test in geotechnical en-
gineering, but is widely used in concrete/cement industry to measure a
cementitious mixture’s thermal profile, i.e. the heat released from exother-
mic cement hydration over time. Useful information regarding the reaction
kinetics and mechanisms of the strength development can be obtained from
this test. In this study, the isothermal calorimetry tests are performed fol-
lowing ASTM C 1679 (2009) at 30 ◦C isothermal condition on cement
mixed UMC.
As has been discussed in Section 2.3, changes in the reaction heat ex-
change are associated with the the setting of concrete/mortar. Although
not explicitly stated in ASTM C 1679 (2009), it has been widely argued
that the initial set of a cementitious material follows the dormant period,
i.e. when the heat evolution starts to increase, as the initial set (ti,set) cor-
responds to the time when the inter-particle bonding starts to form; the
final set (tf,set), on the other hand occurs after ti,set and is associated with
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the time at around the peak of heat evolution (Weiss, 2003). In Wang
et al. (2006) and Ge et al. (2009), ti,set as well as tf,set are directly obtained
from heat evolution profiles, where tf,set is taken at the peak of heat evolu-
tion. In Wu et al. (1983) and Sant et al. (2008), the setting times obtained
from conventional Vicat needle tests show reasonable agreement with those
determined from the heat evolution profiles. In Figure 3.8, a conceptual
illustration of the early-age heat evolution is presented.
Figure 3.8: Conceptual illustration of early-age heat evolution with time
(modified from Weakley, 2009)
It has to be pointed out that the setting time of concrete/mortar is
conventionally determined from Vicat needle penetration test (example:
ASTM C 403 2008), as changes in the mechanical properties are associated
with the setting process. The time of final set for concrete material is
defined as the time to reach a threshold penetration resistance, of which the
magnitude is entirely arbitrary in nature (Struble and Lei, 1995; Mindess
et al., 2002; Sant et al., 2008). Furthermore, such definitions cannot be
extended to cement mixed soils due to the significant difference in strength
between the cement mixed soil and concrete/mortar. In fact in ASTM C
403 (2008), the Vicat needle penetration resistance at the time of final set
(27.6 MPa) corresponds to a uniaxial compressive strength of around 500
to 700 kPa. This uniaxial compressive strength (or unconfined compressive
strength) exceeds even the designed qu(91day) of the cement mixed clay
used in the containment bund construction in Singapore. In other words,
the cement mixed clay fill in Singapore would not reach tf,set even after 91
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days of curing if ASTM C 403 (2008) were followed.
Figure 3.9 shows the calorimeter used for the calorimetry test in this
study.
Figure 3.9: Calorimeter used in this study
3.2.8 Proposed accelerated test
Accelerated test procedure based on curing under the elevated temperature
is proposed in this study and the results are discussed in details in Chapter
6 including the motivations for devising the proposed accelerated test pro-
cedures. For the purpose of presentation in this thesis, the methodology
involved in the accelerated test is presented in Section 6.1.
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3.3 Experimental programme
As this research is motivated by the recent land reclamation project in
Singapore, the majority of the mixtures investigated in this study are so
designed that they are representative of the mix conditions in the actual
field (i.e. cement amount Cm = 60 – 80 kg/m
3 with water content w = 130
– 180 %). The few exceptions with water content / cement dosage outside
the usual ranges in the actual construction are included in this research for
a thorough and in-depth understanding of the strength behavior of cement
mixed Singapore marine clay.
3.3.1 Experimental investigation on early strength
behavior of cement mixed Singapore Marine
Clay
Laboratory VST and miniature T-bar tests are conducted on 11 cement
mixed UMC samples. The mix proportions of the 11 samples (mix series
E1 – E11) are summarized in Table 3.6. The findings of this investigation
are presented in Chapter 4.
3.3.2 Experimental investigation on effect of temper-
ature on strength behavior of cement mixed
Singapore Marine Clay
As shown in Table 3.6, in addition to the standard room temperature 23 ±
2 ◦C , laboratory VSTs are also conducted on samples cured at 37 ◦C and
48 ◦C. This is for the investigation of the effect of curing temperature on
the early strength development. Isothermal calorimetry tests at 30 ◦C are
also conducted on 3 samples (E3, E4 and E9 in Table 3.6) to investigate
the early reaction heat exchange behavior of cement mixed UMC.
For the effect of curing temperature on the strength development in the
long term, Table 3.7 summarizes the experimental programme. It is to be
noted that, two series of laboratory tests are conducted independently for
the validation of the findings obtained in this investigation (data series VA8
in Table 5.1 and VP4 in Table 5.2). For the presentation of this thesis, the
82
Table 3.6: Experimental matrix for the investigation of early-age strength
development
Mix Series Water Content, w (%) Cm (kg/m
3) VST T-bar
E1 136 103 • •
E2 123 73 •
E3 145 98 • •
E4 165 89 • •
E5 185 81 • •
E6 135 82 • •
E7 155 74 • •
E8 165 70 • •
E9 185 64 • •
E10 135 68 •
E11 155 61 •
details of these two series of laboratory tests will be given in Section 5.2.
3.3.3 Experimental validation of the proposed early
quality control technique
As is to be discussed in Chapter 6, an early QC technique is proposed
based on the findings presented in Chapter 4 and Chapter 5. Experimen-
tal validation for the proposed early QC technique is carried out by con-
ducting laboratory tests. For the presentation of this thesis, the detailed
























































































































































































































































































3.4 Experimental Assessment of Flow Value
Test
As discussed earlier in Section 2.5, the effectiveness of Flow Value Test
(FVT) as a quality control test for the cement mixed clay fill in the con-
tainment bund construction is questionable. In order to show that FVT
is irrelevant in this research, an experimental assessment of FVT is con-
ducted.
3.4.1 Flow value test procedure
FVT is in fact an alternative to the well-known slump test in concrete
industry. Figure 3.10 demonstrates how FVT is conducted.
In this assessment, cylindrical molds made from PVC pipes are used
for FVT. The mold has an inner diameter of 77 mm and a height of 80
mm, and is of the same dimensions as those used in the field in Singapore.
As illustrated in Figure 3.10, the cylindrical mold, whose inner surface is
thoroughly greased, is filled gradually, and air voids are minimized by gen-
tly stirring the material using a stirring rod. The mold is slowly lifted up
by hand after the top of the cylinder has been trimmed level and smooth.
The lifting-up operation is kept slow and concentric to minimize any dis-
turbance to the sample. The flow diameter is taken as the average of the
two measurements on directions perpendicular to each other, as shown in
Figure 3.10 as well. Slump height, along with the flow diameter, are also
taken in this study if not specified otherwise. Figure 3.11 shows the FVT
mold as well as the measurements taken in the test.
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Figure 3.10: Graphic illustration of flow value test
(a) FVT mold inner diameter (b) FVT mold height
(c) Flow value measurement (d) Slump height measurement
Figure 3.11: FVT mold and measurement taken in the test
FVT is suitable for fresh cement mixed clay slurry that flows, and hence
can be conducted from immediately after mixing until the mixture ceases
to flow. In addition to FVT conducted on fresh mixtures immediately
after mixing (i.e. at t = 0), which is similar to the early QC practice in the
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actual construction, delayed FVTs were also carried out following the same
procedure as the FVT. In this assessment, delayed FVTs are conducted at 1
hour interval from t = 0 to t = 3 hour, i.e. at t = 1 hour, 2 hour and 3 hour
respectively. In between each test, the fresh cement mixed clay is stored in
the mixing bowl sealed with plastic wrap to minimize moisture loss due to
evaporation. Before each test, the mixture is agitated thoroughly by the
mixing blades. The reason why the delayed FVTs are conducted within
3 hours from the completion of mixing is because after 3 hours, the flow
behavior of the fresh cement mixed clay became less obvious (i.e. D/Dmold
approaches unity).
As has been discussed in Section 2.5, the flow behavior of the fresh ce-
ment mixed clay mixture can be described by the Bingham fluid model, and
Equation 2.25 has been developed by Pashias et al. (1996) and Schowalter
and Christensen (1998) to derive the yield stress τ of the Bingham fluid
from the slump height in the slump test (or flow value test). Equation 2.25
has important implications in this assessment. It can be calculated from
Equation 2.25 that the maximum yield stress that can be measured in the
FVT on the cement mixed UMC in this assessment ranges from ∼ 0.4 –
0.6 kPa depending on the total density of the mixture (from ∼ 1300 – 1500
kg/m3), with the finest resolution of slump height measurement at ∼ 1
mm. Hence, a slight gain in strength will cause the FVT to be unsuitable
for the cement clay mixture, and the delayed FVT is only meaningful for
a short period of time (3 hours in this study).
3.4.2 Assessment programme of flow value test
In this experimental assessment of FVT, the relation between the flow
value and the later-age strength is first examined. Table 3.8 summarizes
the experimental programme including FVT and the corresponding 7-day
or 28-day UCT.
Second, the strength behavior at t = 0 is assessed. Mixtures of the same
water-to-solid ratio (W/S) are tested in 3 groups with the inclusion of the
corresponding pure clay slurries at the same W/S. Table 3.9 summarizes
the programme of this assessment.
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Table 3.8: Assessment programme for FVT with corresponding UCTs
Water Content, w (%) Cm (kg/m
3) 7-day UCT 28-day UCT FVT (t = 0)
135 149 • • •
135 76 • • •
135 51 • • •
135 39 • • •
135 51 • •
160 66 • •
170 96 • •
140 53 • •
150 90 • •
170 47 • •
180 73 • •
152 54 • • ◦
152 69 • • ◦
152 83 • • ◦
145 56 • • ◦
145 72 • • ◦
149 87 • • ◦
157 54 • • ◦
157 69 • • ◦
157 83 • • ◦
156 56 • • ◦
156 72 • • ◦
156 88 • • ◦
◦ indicates tests with no slump height measured
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Table 3.9: Assessment of strength behavior at t = 0, 1 hour, 2 hour and 3
hour using FVT










Delayed FVTs are conducted to investigate the change of the strength
behavior of mixture with time. The same mix proportions are adopted
in this investigations as those listed in Table 3.9. The delayed FVTs are
conducted at t = 1 hour, 2 hour and 3 hour (mixing completes at t = 0).
3.4.3 Relation between yield stress and flow value
Using Equation 2.25, yield stress can be determined from slump height.
It is found that the flow diameter D is inversely proportional to the yield
stress τ , as shown in Figure 3.12. This observation agrees well with the
findings of Saak et al. (2004), and hence proves that the flow value test,
similar to the slump test, measures the yield stress of the mixture. Thus,
the main question is whether this yield stress at an early age can be related
to the later-age strength.
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Figure 3.12: Yield stress τ at t = 0 versus Normalized flow diameter
D/Dmold
3.4.4 Correlation between flow value and later-age
strengths
In Figure 3.13, the normalized flow value D/Dmold shows little correlation
with qu(7day) or qu(28day), and by extension the yield stress τ also shows
little correlation.
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(a) qu(7day) versus D/Dmold
(b) qu(28day) versus D/Dmold
Figure 3.13: qu versus Normalized flow diameter D/Dmold
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3.4.5 Strength behavior at t = 0
It is intuitive that at the same water-to-solid ratio (W/S), i.e. at the same
state of packing, mixtures with higher cement-to-solid ratio (C/S) will
develop higher later-age strength. One shall note that for cement mixed
clay, both the soil solid and the cement grain constitute the solid phase.
The mixtures analyzed are summarized in Table 3.9, with the inclusion
of the corresponding pure clay slurries of the same W/S. In Figure 3.14,
mixtures in Table 3.9 at the same W/S do show higher qu(7day) with higher
C/S. In Figure 3.15 on the other hand, D/Dmold and hence τ at t = 0 show
little dependence on C/S. More importantly, the samples at the same W/S
ratio appear to show almost the same D and τ . This strength behavior
at the very early age of curing (i.e. t = 0) is therefore different from that
of the later-age strength, for example, qu(7day) or qu(28day). And this
may be the reason why the flow value and the later-age strength are little
correlated. It can be further inferred that any test of strength at t = 0 will
show poor correlation with the later-age strength. In fact, poor correlation
can be observed between the yield stress obtained from rheometer test at
t = 0 and qu(28day) or qu(91day), as is shown in Figure 3.16.
Figure 3.14: qu(7day) versus Cement-to-Solid ratio C/S at different Water-
to-Solid ratio W/S
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(a) Normalized flow diameter D/Dmold at t = 0
(b) Yield stress τ at t = 0
Figure 3.15: D/Dmold and τ at t = 0 versus C/S at different W/S
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(a) qu(28day) versus Yield stress obtained from vane rheometer test
(b) qu(91day) versus Yield stress obtained from vane rheometer test
Figure 3.16: Later-age qu versus Yield stress obtained from vane rheometer
test at t = 0 (replotted from TOA Corporation, , 2007)
It is to be noted that the cement mixed clay does show increase in τ
compared to pure clay slurry at the same W/S (with reference to Table
3.9), which implies that there are physico-chemical changes taking place
in the cement mixed clay mixture within the 10-minute mixing process as
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the mixture would otherwise exhibit the same strength or flow behavior
as the correponding pure clay slurry at the same W/S. However, it is not
necessary that the reaction products formed within this 10-minute mixing
process contribute to the strength increase in this very early stage curing;
the accelerated evaporation due to significant heat release from reactions
immediately after mixing is expected to reduce the designed W/S in the
mixing process, which in turn increases the strength of the mixture. The
significant heat release in the very initial stage of cement hydration has
been reported extensively (Mindess et al., 2002).
3.4.6 Delayed Flow Value Test – An extended assess-
ment of FVT
As discussed in Section 2.5, the flow value D indicates the yield stress of
the fresh cement mixed clay at t = 0. The poor correlation between D
and the later-age strength and by extension between τ and the later age
strength may be due to the different contributor to strength at the later
age and the very early age of curing (i.e. t ≈ 0). On the other hand, since
the flow value indicates the yield stress of the fresh cement mixed clay at t
= 0, i.e. the minimum stress to be applied to initiate flow, FVT is useful
in indicating the workability of the mixture.
The strength of the cement mixed clay develops with time. Since the
yield stress of the cement mixed clay at t = 0 can be measured by FVT,
the strength development with time of the fresh flowable cement mixed
clay can be measured as well if FVT is delayed. As the curing time plays
an important role in the strength development of cement mixed clay, it is
of interest to investigate if the delayed FVT shows promising correlation
with the later-age strength.
The mixes investigated in the delayed FVT followed the same mix pro-
portions as those shown in Table 3.9.
Change of τ with time ( t ≤ 3 hours)
As can be seen from Figure 3.17 and Figure 3.18, the mixtures observed
slight strength gain from t = 0 to t = 3 hours as indicated by the increase
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in the yield stress and the decrease in the flow diameter. Amongst the
six mixtures studied, mixtures with W/S = 141 % and C/S = 20 % and
mixtures with W/S =155 % and C/S = 16 % showed relatively higher
increase in yield stress of ∼ 0.1 kPa.
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(a) W/S = 128 %
(b) W/S = 141 %
(c) W/S = 155 %
Figure 3.17: Normalized flow diameter D/Dmold versus Time
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(a) W/S = 128 %
(b) W/S = 141 %
(c) W/S = 155 %
Figure 3.18: Yield stress τ versus Time
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Correlation between qu(7day) and delayed flow value
Figure 3.19 shows that there is little correlation between the delayed flow
value (or yield stress derived from the slump height) and the later-age
strength at any time interval between t = 0 to 3 hour. Similar to the FVT
at t = 0, the delayed flow value and hence the yield stress of the cement
mixed clay with the same W/S show little dependence on C/S, as shown in
Figure 3.19. Such strength behavior is different from the strength behavior
at later age, where the cement mixed clay develops higher strength with
higher C/S, as has been shown in Figure 3.14.
(a) D/Dmold versus C/S
(b) τ versus C/S
Figure 3.19: D/Dmold and τ versus C/S at t = 1, 2 and 3 hour
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3.4.7 Summary
The following can be summarized from the experimental assessment of
FVT:
i. The flow value obtained in the FVT shows poor correlation with the
mixture’s later-age strength.
ii. From the slump height measurement, the yield stress of the flowable
mixture can be derived from Equation 2.25, and is inversely propor-
tional to the flow diameter. In other words, the flow value also indicates
the yield stress of the mixture, and FVT is hence effective in indicating
the workability of the mixture.
iii. The strength behavior at t = 0 is different from that in the later ages.
To be specific, the fresh mixtures with the same W/S show little de-
pendence on C/S, whereas mixtures in the later ages develop higher
strength at higher C/S with the same W/S.
iv. The delayed FVT shows that the strength development is marginal in
the first 3 hours of curing. The flow values obtained in the delayed
FVT also show poor correlation with the mixture’s later-age strength
at each time interval in the delayed FVT. The strength behavior of the
mixture at t ≤ 3 hour is similar to that at t = 0: the fresh mixtures
with the same W/S show little dependence on C/S.
It can be concluded that FVT is not effective as a quality control test for
the cement mixed clay fill in the containment bund construction. Therefore,
FVT is irrelevant in this research.
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Chapter 4
Early Strength Behavior of
Cement Mixed Singapore
Upper Marine Clay
Few have studied the early strength development of the cement mixed clay
systematically. In the assessment of FVT as presented in Section 3.4, the
strength behavior at the very early age of curing (i.e. t ≤ 3 hour) is found
to be different from the strength behavior at later age. The assessment of
the delayed FVT also showed that there was only slight change in strength
within the first 3 hours of the curing.
This early strength behavior of cement mixed clay has significant impli-
cations on the early QC of the cement mixed clay fill. In this chapter, the
early strength developments measured by laboratory vane and miniature
T-bar from 3 to 48 hours of curing are presented. The transitional behavior
in the early strength development is analyzed and discussed. Moreover, as
the early strength behavior is significantly influenced by the curing tem-
perature, the effect of curing temperature on the early strength behavior
is discussed in details.
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4.1 Transition behavior in early strength de-
velopment
Figure 4.1 presents the strength developments with time of cement mixed
clays cured at room temperature (23± 2 ◦C), as measured by the laboratory
vane. Figure 4.2 shows the same set of data but plot in logarithmic time
scale. It is to be noted that even though Figure 4.1 and Figure 4.2 present
the same data, it is the way of presentation that is worth noting. The data
presented in semi-logarithmic scale in Figure 4.2 shows a clear transition
behavior in time with comparison to the same data plotted in natural scale
in Figure 4.1. This aspect will be further discussed in this section later.
The detailed mix proportions of each individual mix can be referred to in
Table 3.6.
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(a) E1 (b) E2
(c) E3 (d) E4
(e) E5 (f) E6
Figure 4.1: Vane shear strength versus Time (to be continued)
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(g) E7 (h) E8
(i) E9 (j) E10
(k) E11
Figure 4.1: (continued) Vane shear strength versus Time
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(l) E1 (m) E2
(n) E3 (o) E4
(p) E5 (q) E6
Figure 4.2: Vane shear strength versus time in logarithmic scale (to be
continued)
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(r) E7 (s) E8
(t) E9 (u) E10
(v) E11
Figure 4.2: (continued) Vane shear strength versus time in logarithmic
scale
As can be observed in both Figure 4.1 and 4.2, significant strength de-
velopment occurs in t < 48 hour. In contrast with Figure 4.1, where the
x-axis is in linear time scale, a clearer transitional behavior in the strength
development can be observed in Figure 4.2. Moreover, a transition point
can be clearly identified by the intersection of two straight line segments
as shown in Figure 4.2, and the two line segments are judged to represent
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the strength development in logarithmic scale. In the period immediately
after mixing and before the transition point, the cement mixed clay experi-
ences marginal strength gain and this is followed by a period in which the
mixtures strength increases almost exponentially with time (note that the
strength in Figure 4.2 is plotted in logarithmic scale).
The identified transition point in the strength development with log-
time is analogous to the pre-consolidation pressure p′c in the classical e –
log(p) plot usually obtained from the oedometer consolidation test. By
defining the transition as a point (or a moment) in the strength devel-
opment with time, the author does not imply that the transition occurs
abruptly; however, by so-defining the transition behavior following a consis-
tent approach, the transition in time can be referred numerically and com-
parisons between tests are easier than defining the transition as a gradual
process, even though a gradual transition is more likely to be what happens
actually. It is to be noted that investigating the actual physico-chemical
process that is associated with the transition in strength development is
beyond the scope of this research, as the focus as well as the motivation
of this research is the early QC of cement mixed clay. From the angle of
early QC, it is important to assure that the QC test is conducted on hard-
ening cement mixed clay. Using the identified transition time as a guide
value, the person conducting the QC test in the actual field can decide
with confidence when to conduct the QC test. Taking into consideration
this important implication of transition in the strength development, it is
more convenient and hence more advantageous to refer to the transition as
a point rather than a gradual process with a finite duration of time. It is
to be noted that it is not practical to conduct the QC test exactly at the
transition point due to the following reasons:
1. The strength of the cement mixed clay developed right at the transi-
tion point is usually too low to measure accurately.
2. The transition point may vary with mix proportions. In the actual
construction, it is not practical to control the mix proportions (and
this is one of the reasons why the later-age strength of the mixture
varies considerably).
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Thus, it is more sensible to conduct the early QC test some time after
the transition. The relatively high strength is not only easier to measure,
but also suggests that the mixture is hardening. For the range of mix
proportions studied in this research, t = 30 hour is recommended as the
earliest moment at which at QC test can be conducted on mixtures cured
at 23 ± 2 ◦C.
It is worth noting that the transition point in the strength development,
similar to the pre-consolidation pressure p′c in e – log(p) plot, is thought
to bear physical meaning. This aspect will be discussed further in this
chapter.
In Figure 4.3 the strength development with time for each individual
mix in Table 3.6 is normalized by the corresponding strength at t = 30 hour
(as marked in Figure 4.2). The normalization technique was first used for
cement mixed Singapore marine clay in Tan et al. (2002). By using the nor-
malization technique, the behavior of each individual mix due to different
mix proportions can be normalized into a generalized form. In Figure 4.3,
the normalized strength development shows good uniformity amongst the
mixes studied. Furthermore, the normalized strength development plot-
ted in logarithmic time scale clearly shows the transitional behavior in
the strength development within a short period of time. The normalized
strength development shows that there is a gradual strength development
with time immediately after mixing and this gradual strength development
is followed by a transition in the strength development from which point a
steep increase in strength with time starts to take place. By making use
of the normalized strength development, one can estimate the strength of
a similar mix at a given time interval once the strength of the mix at t =
30 hour is obtained (or t = x hour if the normalized strength development
is obtained with respect to t = x hour). It is to be noted that the point of
transition varies from mix to mix hence no unique transition point can be
observed in Figure 4.3, but within the range 14 – 23 hours.
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Figure 4.3: Normalized strength development with time in logarithmic scale
at 23 ± 2 ◦C (by 30-hour strength)
4.2 Early strength development measured by
T-bar
The T-bar tip resistance is plotted versus time in Figure 4.4, and the
strength development in log-time scale appears to exhibit the same transi-
tional behavior. The detailed mix proportions of each individual mix can
be referred to in Table 3.6.
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(a) E1 (b) E3
(c) E4 (d) E5
(e) E6 (f) E7
(g) E8 (h) E9
Figure 4.4: T-bar tip resistance versus time in logarithmic scale
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The normalized T-bar tip resistance is shown in Figure 4.5. It is to be
noted that there is uncertainty in the choice of the T-bar factor. In fact,
the possibility of the T-bar factor varying with time cannot be excluded
as the mixture gains strength with time. As the cement mixed clay gains
strength over time, its property changes with time. From Randolph and
Houlsby (1984) and Randolph and Andersen (2006), it is understood that
the failure mechanism involved in the T-bar test and in turn the relation
between T-bar tip resistance and soil undrained strength is dependent on
the soil stiffness, amongst other factors. Therefore, it is possible that the
relation between T-bar tip resistance and soil undrained strength varies over
time for a given mix, or varies with mixes with different mix proportion at
the same time interval, as the stiffness of the cement mixed clay changes
with time or with different mix proportions. To the author’s knowledge,
few have tested cement mixed clay using the T-bar penetrometer and hence
there is lack of understanding on the choice of the T-bar factor. On the
other hand, given that the theoretical range of T-bar factor is from 7 to
12 (Randolph and Houlsby, 1984), the T-bar test results would appear to
give reasonable comparison with the measured vane shear strength if the
T-bar factor were chosen to be a constant value = 8.3. Figure 4.6 shows the
comparison between the undrained shear shear strengths interpreted from
the T-bar tests and the vane shear strengths. Due to more complicated
test condition and result interpretation, T-bar tests were not conducted at
elevated temperatures in this research.
Figure 4.5: Normalized t-bar tip resistance with time in logarithmic scale
at 23 ± 2 ◦C (by 30-hour tip resistance)
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(a) E1 (b) E3
(c) E4 (d) E5
(e) E6 (f) E7
(g) E8 (h) E9
Figure 4.6: Undrained shear strength obtained from T-bar penetration test
(with T-bar factor = 8.3) compared with vane shear strength
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4.3 Early strength development at different
temperatures
Figure 4.7 shows the typical early strength development of a cement mixed
UMC (mix E7) under 3 different curing temperatures (23 ± 2 ◦C, 37 ◦C
and 48 ◦C). The detailed mix proportions of each individual mix can be
referred to in Table 3.6. Two key observations can be made based on Figure
4.7:
i. Higher early strength is developed at higher temperature at the same
curing age.
ii. From the strength developments plotted in logarithmic time scale as
shown in Figure 4.7, the transition in the strength development as has
been discussed in Section 4.1 can be observed at the elevated temper-
atures as well.
iii. The time taken to reach the transition point appears to be shortened
as the curing temperature increases.
The strength developments of the rest of the mixes in Table 3.6 other
than E7 under the 3 different temperatures are shown in Figure 4.8. More-
over, similar to Figure 4.3, where the vane shear strengths developed under
23± 2 ◦C are normalized, Figure 4.9 and Figure 4.10 present the normalized
strength developments under 37 ◦C and 48 ◦C respectively. The normal-
ized strength developments at the 3 different temperatures show similar
patterns. Note that the strength developments at 48 ◦C are normalized
by either the 10-hour strength or the 20-hour strength owing to the wide
range of strength developed within 48 hours of curing at 48 ◦C.
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(a) in natural time scale
(b) in logarithmic time scale
Figure 4.7: Early strength development of mix E7 at 3 different tempera-
tures (23 ± 2 ◦C, 37 ◦C and 48 ◦C)
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(a) E1 (b) E2
(c) E3 (d) E4
(e) E5 (f) E6
Figure 4.8: Strength developments at 23 ± 2 ◦C, 37 ◦C and 48 ◦C (to be
continued)
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(g) E7 (h) E8
(i) E9 (j) E10
(k) E11
Figure 4.8: (continued) Strength developments at 23 ± 2 ◦C, 37 ◦C and
48 ◦C
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Figure 4.9: Normalized strength developments with time in logarithmic
scale at 37 ◦C (by 20-hour strength)
(a) Normalized by 10-hour strength
(b) Normalized by 20-hour strength
Figure 4.10: Normalized strength developments with time in logarithmic
scale at 48 ◦C (by 10-hour or 20-hour strength)
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4.3.1 Repeatability of VST under elevated tempera-
tures
One may be concerned with the repeatability of VST in this investiga-
tion, not only because the cement mixed clay fill is an unconventional
geo-material, but also because the elevated temperature is not the usual
testing condition of VST in the laboratory.
The repeatability of VST in this investigation was validated by repeat-
ing the strength development measurement independently for 5 times on
the mixture E4 (refer to Table 3.6). In Figure 4.11, the 5 repeated mea-
surements show good agreement with one another. The measured strengths
within the one-hour interval from 11.5 to 12.5 hour show c.o.v. = 10.6 %,
which is comparable to the c.o.v. of the strengths of natural geo-materials
measured in the laboratory (Kulhawy et al., 2000). Moreover, as the el-
evated temperature poses more complex testing condition than under the
standard room temperature, the repeatability of the VST at room temper-
ature as has been presented in Chapter 4 is also addressed.
Figure 4.11: Test of repeatability for VST on mix E4 at 48 ◦C
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4.4 Setting under different temperatures
In Figure 4.12, the heat evolution profiles of mix E3, E4 and E9 as ob-
tained from the calorimetry tests are presented along with the correspond-
ing strength developments at 23 ± 2 ◦C and 37 ◦C. Note that the initial
portion of the heat evolution profiles (0 to 3 hours depending on the mix-
ture) is not shown as the tested sample had not reached thermal equilibrium
during this period of time.
As shown in Figure 4.12, the identified time of transition at 37 ◦C is
earlier than that at 23 ± 2 ◦C in the VST. In the isothermal calorimetry
test at 30 ◦C, the time taken to reach the peak rate of heat evolution is
earlier than the time of transition obtained from the strength development
at 23 ± 2 ◦C but later than that at 37 ◦C.
It is proposed to identify the time of final set tf,set of the cement mixed
clay to be the point of intersection in the bi-linear representation of the
early strength development in logarithmic time scale, which is essentially
the transition point in the strength development as has been shown in
Figure 4.2. This proposed definition of tf,set for the cement mixed clay is
based on the following reasons:
i. The time of final set can be viewed as the onset of hardening, which
is the start of significant strength gain and the end of setting, during
which only marginal strength gain takes place (Soroka, 1994; Pinto,
1997; Pinto and Hover, 1999; Mindess et al., 2002). In Figure 4.2,
the initial portion of the bi-linear strength development represents the
marginal strength development with time, and this is followed by con-
tinuous significant strength gain with time as represented by the sec-
ond linear portion in the bi-linear strength development. Note that
the strength developments with time are presented in logarithmic time
scale and thus the true gain is exponential. The intersection point of
the two linear segments can be taken as the point of final set as it is
from this point that the cement mixed clay starts to harden.
ii. Setting and hardening are two independent processes (Neville, 2006)
and are hence distinguishable. The bi-linear behavior of the strength
development in Figure 4.2 can be divided into two distinct portions by
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the point of intersection.
iii. In Figure 4.12, the peaks at the heat evolution profiles are marked
and the bi-linear strength developments are presented. Suppose that
tf,set can be taken as the transition point in the strength development
in the logarithmic time scale, the times of final set are tf,set(23
◦C) at
23 ± 2 ◦C and tf,set(37◦C) at 37 ◦C; meanwhile, the peak rate of heat
evolution and hence the final set from reaction kinetics occurs at t
′
f,set,30





◦C) < tf,set(30◦C). This observation suggest that
it is reasonable to identify the final set from the strength development
with time using the proposed approach, as it is commonly understood
that the increase in temperature hastens the setting process (examples:





Figure 4.12: Heat evolution profile at 30 ◦C isothermal condition compared
with the strength development at 23 ± 2 ◦C and 37 ◦C
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Following the proposed approach, tf,set can be obtained for each indi-
vidual mix under the 3 different curing temperatures. At 23 ± 2 ◦C, tf,set
is taken as the point of transition as has been shown in Figure 4.2. At 37
◦C and 48 ◦C, the times of final set can be obtained following the same
approach, as shown in Figure 4.13 and Figure 4.14. Based on tf,set iden-
tified at the 3 different temperatures, it is found that tf,set decreases as
the curing temperature increases, as is shown in Figure 4.15. Besides the
influence of the curing temperature, tf,set is also influenced by the cement
amount per unit volume (Cm). Figure 4.15 shows that under each temper-
ature, tf,set decreases as Cm increases, and this behavior is similar to that
of cement/concrete (Dodson, 1994). Furthermore, the proposed definition
of setting time, tf,set, appears to be applicable to cement/concrete material
as well. Figure 4.16 shows the strength development and heat evolution
profile of a cement paste at 20 ◦C (data collected from Princigallo et al.,
2003). From Figure 4.16, the peak rate of heat evolution coincides with
the point of transition in the strength development.
It is worth noting that in Figure 4.12, the calorimetry test samples
of identical mix proportions (i.e. arising from the same batch of mixing)
show very close calorimetry test results. This behavior suggests that the
method of sample preparation is consistent. It is also to be noted that the
size of the sample for calorimetry test is small (less than 30 g), hence it is
reasonable to assume that the temperature within the sample is uniform.
Due to the same reason, the heat evolution behavior, which is the property
of the material, can be obtained from the temperature measurement of the
sample.
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(a) E1 (b) E2
(c) E3 (d) E4
(e) E5 (f) E6
Figure 4.13: Vane shear strength versus time in logarithmic scale at 37 ◦C
(to be continued)
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(g) E7 (h) E8
(i) E9 (j) E10
(k) E11
Figure 4.13: (continued) Vane shear strength versus time in logarithmic
scale at 37 ◦C
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(l) E1 (m) E2
(n) E3 (o) E4
(p) E5 (q) E6
Figure 4.14: Vane shear strength versus time in logarithmic scale at 48 ◦C
(to be continued)
125
(r) E7 (s) E8
(t) E9 (u) E10
(v) E11
Figure 4.14: (continued) Vane shear strength versus time in logarithmic
scale at 48 ◦C
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Figure 4.15: Time of final set tf,set versus cement amount Cm at 23 ± 2
◦C, 37 ◦C and 48 ◦C
Figure 4.16: Heat evolution profile and strength development of a cement
at 20 ◦C (replotted using data from Princigallo et al., 2003)
One important implication of tf,set is that any mechanical properties
measured before tf,set has little to do with the later-age strength of the
hardened cement mixed clay as tf,set can be regarded as the starting point
of the hardening process. Therefore, meaningful QC can only be carried
out after tf,set.
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4.5 Estimating setting time under different
temperatures
Discussed in Section 2.4, Pinto and Hover (1999) showed that the Arrhenius
law was applicable to the setting of mortar under different temperatures,
and they demonstrated that the apparent activation energy Ea,set for the
early stage of hydration can be estimated by measuring the setting times
at different temperatures. With Ea,set, the setting time of the mortar at
any given curing temperature can be estimated by applying the Arrhenius
law. Pinto and Hover (1999) separated the early hydration into two sub-
stages and obtained Eia,set and E
i→f
a,set as the equivalent activation energies
for the early hydration from the end of mixing until the initial set (< ti,set)
and in between initial set and final set (ti,set → tf,set), respectively. Based
on the data collected from literature, it is proposed in this study that one
single unique Ea,set is adequate to describe the temperature dependence
of the setting process. Figure 2.11 and Figure 2.12 present the Arrhenius
plots constructed based on the proposed single Ea,set. The details for con-
structing the Arrhenius plot is given in Section 2.4.3, and can be expressed
mathematically by Equation 2.24.
Figure 4.17 presents the Arrhenius plots obtained for mixtures E1 to
E11 (refer to Table 3.6 for the detailed mix proportions). The times cor-




from the isothermal calorimetry test are also included in the Arrhenius




agrees well with the Arrhenius-type linear relation between 1/T and 1/tf,set,
where tf,set is identified from the strength development with time.
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(a) E1 (b) E2
(c) E3 (d) E4
(e) E5 (f) E6
Figure 4.17: Arrhenius plots for the time of final set (to be continued)
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(g) E7 (h) E8
(i) E9 (j) E10
(k) E11
Figure 4.17: (continued) Arrhenius plots for the time of final set
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Figure 4.18: Ea,set versus Cm
In Figure 4.18, Ea,set appears to be dependent on the cement amount
Cm, and increases almost linearly with Cm. For the usual range of Cm in
the construction of containment bund using cement mixed clay (with Cm
= 60 to 80 kg/m3), Ea,set can be taken to be in the range 11 to 22 kJ/mol.
With Ea,set and tf,set(T0) at the reference temperature T0, the time of final
set at any given temperature tf,set(T ) can be estimated from Equation 2.24.
4.6 Summary
The following summarizes the discussion presented in this chapter:
i. The strength development with time as measured by laboratory VST
shows that there is transition behavior in the early strength develop-
ment of the cement mixed UMC. In the period immediately following
mixing, the mixture experiences marginal strength gain and this period
is followed by the period in which the strength of the cement mixed
UMC increases rapidly. This transition behavior in the strength devel-
opment is more clearly observed if the strength is plotted in logarithmic
time scale.
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ii. The strength development in logarithmic time scale can be represented
by a bi-linear pattern. The transition can hence be identified as the
intersections of the two line segments. The normalized strength de-
velopment in logarithmic time suggests that this bi-linear strength de-
velopment behavior in logarithmic time scale is consistent for all the
samples studied (mix series E1 – E11). With the normalized strength
development with respect to 30-hour strength (Figure 4.3), one can
estimate the strength of a similar mix at a given time interval once its
30-hour strength is known.
iii. The T-bar test results confirm the transition behavior as observed in
VST. By adopting the T-bar factor = 8.3, the undrained shear strength
development derived from the T-bar tip resistance agrees well with the
strength development measured by VST.
iv. A higher curing temperature not only increases the rate of strength
gain in the early age, but also shortens the time taken for the transition
behavior in the strength development to occur.
v. From the heat evolution analysis of the reaction kinetics, the time of
final set can be identified in the isothermal calorimetry test. This
identified final set is shown to be related to the transition behavior in
the early strength development with time. It is hence proposed in this
study to identify the time of final set from the strength development
with time. By plotting the strength with time in logarithmic scale, the
strength development is shown to be bi-linear and the intersection of
the two line segments is taken as the final set.
vi. The setting time is influenced by the temperature. Pinto and Hover
(1999) showed that the relation between the curing temperature and
the setting time of concrete/mortar is governed by the Arrhenius law.
In this study, the approach proposed by Pinto and Hover (1999) is
modified by taking the setting as a one-step process, and the modi-
fied approach can be applied to the cement mixed Singapore marine
clay. It is found that the relation between the setting time and the
curing temperature is also governed by the Arrhenius law. Note that
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the modification to the approach by Pinto and Hover (1999) has been
supported by literature data (including the data reported in Pinto and
Hover, 1999), as discussed in Section 2.2.
vii. With the Arrhenius-type relation between setting time and curing tem-
perature, the time of final set can be estimated at any given tempera-




Effect of Temperature on
Strength Behavior of Cement
Mixed Singapore Marine Clay
Following the review presented in Section 2.4 and Section 2.5, the moti-
vation for the investigation of curing temperature effect on the strength
behavior of cement mixed Singapore are due to:
i. In Singapore, the cement mixed clay fill for the containment bund is
cured under the tropical ambient temperature. This ambient tempera-
ture is considerably higher than the standard room temperature, under
which the laboratory trial mixes and batched QC samples are cured.
ii. The understanding on the effect of temperature on the strength devel-
opment can contribute significantly to the QC of cement mixed Singa-
pore marine clay, which is critical in the containment bund construc-
tion.
It is widely known that the strength development of a cement mixed soil
is greatly affected by the curing temperature, but there is lack of systematic
understanding on the effect of temperature on the strength development of
cement mixed clay in the long term. As discussed in Chapter 2, Chitambira
(2004) conducted the first and so far only systematic investigation on the
strength development of cement mixed soils under different temperatures in
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the long term (cured for up to 90 days under 60 ◦C). However, Chitambira’s
study (2004) is limited to cement mixed granular soils.
In this study, an experimental investigation was carried out to study the
effect of curing temperature on the strength development of cement mixed
Singapore marine clay. Based the experimental results, the effect of curing
temperature on the long-term strength development of cement mixed clay
is discussed in details.
5.1 Long-term strength development under
different temperatures
Figure 5.1 shows the strength developments of the cement mixed clay under
the 3 different temperatures.
Figure 5.1 shows that the increase in strength beyond 90 days of curing
is marginal, regardless of the mix proportions and the curing temperature.
In other words, the strength developed at any curing age t ≥ 90 days can
be regarded as the the mixture’s “ultimate strength” [i.e. qu(ultimate)].
Hence under a higher curing temperature, the cement mixed clay not only
shows higher rate of strength gain but also develops significantly higher
ultimate strength, as shown in Figure 5.1. This finding is important as
it is different from the “cross-over” behavior commonly observed in con-
crete/mortar and cement mixed granular soils, i.e. concrete/mortar or
cement mixed granular soils develop the same or slightly lower ultimate
strength when cured under a higher curing temperature even if the earlier
rate of strength gain is higher, as has been reviewed in Section 2.4. Simi-
larly in Section 2.4, the collected literature data arising from cement mixed
clays as summarized in Table 2.2 show behaviors different from the “cross-
over” in concrete/mortar and cement mixed granular soils. Therefore, the
model developed by Chitambira (2004) in its original form is not applica-
ble to cement mixed clays, as one important assumption in Chitambira’s
model is that the cement mixed soil develops the same ultimate strength




Figure 5.1: Long-term strength developments over time under different




Figure 5.1: (continued) Long-term strength developments over time under
different curing temperatures
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Figure 5.2 presents the normalized strength developments of mix DG2
– DG4 (mixes with the same base clay and the same cement type; refer to
Table 3.7). It can be found in Figure 5.2 that though the mix proportions
vary, the normalized strength development under each curing temperature
is consistent with one another. It can be seen from Figure 5.2 that for
each individual temperature, the normalized strength development is in-
dependent of the mix proportions. Moreover, the strength development
behaviors are similar under the 3 different curing temperatures. The rate
of strength development is high in the initial curing period and the rate of
strength development decreases with time. In the long term, the strength
development reaches a “plateau”. Furthermore, by making use of the nor-
malized strength development, one can estimate the strength developed at
a given time interval under a given curing temperature once the ultimate
strength of the mix under this curing temperature is known. Note that the
ultimate strengths are taken as qu(91day, 23
◦C) for mix DG2 and DG4,
and qu(222day, 23





Figure 5.2: Normalized strength developments under different curing tem-
peratures
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5.2 Modelling strength developments under
different temperatures
Being able to relate the strength developed at one temperature to another
is important to the QC of the cement mixed clay fill, as the curing tem-
perature in the field in Singapore is significantly different from that in
the laboratory. In this section, a model is proposed by making important
modifications to the model by Chitambira (2004), as presented in Equation
2.15. With the proposed model, the strength development at a given tem-
perature can be estimated once the strength development at the reference
temperature is known.
In Section 5.1, it is shown that the cement mixed clay develops higher
strength over the entire curing regime at a higher curing temperature due
to (1) the accelerated rate of strength enhancing reactions including both
cement hydration and pozzolanic reactions; and (2) the increased extent
of pozzolanic reactions which give rise to a higher ultimate strength. The
former aspect is essentially the temperature dependence of the reaction
rate and this can be dealt with by the Arrhenius law, which has been
similarly applied in the model by Chitambira (2004). The latter aspect, on
the other hand, is the key difference between the cement mixed clay and
cement mixed granular soils. A temperature dependent strength factor
η
′
T is proposed to account for this aspect and modifications are made to
Chitambira’s model by the inclusion of η
′
T .
5.2.1 Strength development with time
In Section 2.4, it was discussed that to conveniently predict the strength
developed at a given temperature, the strength development with time is
better represented by a mathematical function if possible. In Chitambira’s
model (2004) as expressed in Equation 2.15, the strength development with
time is represented by Equation 2.7. Figure 5.3 shows that Equation 2.7 fits
well with the strength developments of cement mixed Singapore marine clay
(data series DG1 to DG4) under the 3 different temperatures investigated.
It is hence decided that Equation 2.7 is suitable for modelling the









Figure 5.3: (continued) Long-term strength developments fitted by Equa-
tion 2.7
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5.2.2 Modification to Chitambira’s model (2004)
One important assumption of Chitambira’s model (2004) is that the ul-
timate strength reached at different temperatures are approximately the
same. However, Figure 5.1 shows that this assumption is apparently not
valid for cement mixed Singapore marine clay cured at different tempera-
tures. Due to the fact that the ultimate strength depends on the curing
temperature, the strength enhancing factor η
′
T represents the ratio between
the ultimate strength at a given temperature to that at the reference tem-
perature, i.e. η
′
T = qu(ultimate, T )/qu(ultimate, T0). Note that even though
η
′
T is defined between ultimate strengths, η
′
T is constant with time and hence
influences the strength development at all curing ages. This is because poz-
zolanic reactions proceed almost simultaneously with the cement hydration
in the long term.
Upon the introduction of η
′
T into Equation 2.15, the model by Chitam-
bira (2004) is modified as follows:
qu(t, T ) = η
′
T · qu(t0, T0)
= η
′
T · exp{A · [1− e−B·(ln (t)+a
′
T )]} (5.1)
where A, B, t0 ,t qu(t, T ) and qu(t0, T0) carry the same definitions as those in
Equation 2.15. The modified “shift factor” a
′
T is proposed in the same way
as aT in Chitambiras “graph shifting technique” (2004), as is represented
in Equation 2.14, to account for the influence of temperature on the rate
of strength gain.




T in Equation 5.1 are demon-
strated graphically in Figure 5.4. Take A = 6.02 and B = 0.65 determined
for data series DG1 at 23 ± 2 ◦C (refer back to Figure 5.3a) as an example.
For a given η
′
T , the rate of strength gain increases with an increasing a
′
T
whereas the ultimate strength qu(ultimate, T ) remains unchanged. This be-
havior is very much like the original Chitambira’s model (2004), which deals
with cement mixed granular soils. However for a given a
′
T , qu(ultimate, T )
increases as η
′
T increases, and thus the introduction of η
′
T can now account
for an increase in qu(ultimate, T ) for the same cement mixed soil under an
elevated curing temperature, this being a feature of cement mixed fine soils
and not captured by the original Chitambira’s model (2004).
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(e) Effect of a
′
T
(f) Effect of η
′
T





development modelled by Equation 5.1
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Though the modified shift factor a
′
T is adopted in Equation 5.1, curve
fitting is recommended over any graphical procedure due to the following
reasons:
i. Graphical shifting based on Equation 5.1 is not convenient as it would
involve shifting the strength development curve [in ln(qu) - ln(t) scale]
along both the x-axis (by changing a
′




ii. As the graphical shifting has to be carried out in log–log scale [i.e. in
ln(qu) - ln(t) scale], the fitting error associated with the visual judgment
can be significant.




T , make the selection more
complicated. Therefore in this study, the Solver add-in in Microsoft





gives the least-square error in arithmetic scale is chosen in this study. Note
that the modified shift factor a
′
T may not be of the same magnitude as
the shift factor aT in Chitambira’s proposal determined from the “graph
shifting technique”, and at the reference temperature T0, a
′
T = 0, η
′
T = 1.
Figure 5.5 shows the modelled strength developments compared with
the experimental data for data series DG1 – DG4. The numerical values




T are also reported in this figure. As can be seen, the
strength development curves as modelled from Equation 5.1 compare well
with the experimental results. Not only the accelerated rate of strength
gain, but also the higher ultimate strength at a higher temperature that is




Figure 5.5: Strength developments under different temperatures modelled




Figure 5.5: (continued) Strength developments under different tempera-






T are functions of the curing temperature. Figure 5.6
shows the dependence of a
′
T presented in Figure 5.5 on curing temperature
T . As shown in Figure 5.6 a
′
T appears to be linearly related to (1/T0−1/T ).
This finding suggests that the rate of strength gain can be related to the













A global equivalent activation energy E
′
a in kJ/mol can be obtained by
taking the slope of the straight line shown in Figure 5.6 as E
′
a/R where R
is the universal gas constant (∼ 8.31 J/mol ·K). With E ′a obtained, a′T at
any given temperature T can thus be determined from Equation 5.2.
Figure 5.6: Dependence of a
′
T on curing temperature T
More importantly as shown in Figure 5.6, E
′
a appears to be only marginally
affected by the mix proportions. This finding is of practical importance as
the mix proportions usually vary within finite ranges in the field. Since E
′
a
is little affected by the mix proportions, one does not need to exhaust the
mix proportions for the determination of E
′
a. For Singapore UMC mixed
with PBFC, E
′
a can be taken as 37.0 kJ/mol.
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Figure 5.7: Dependence of η
′
T on curing temperature T
Figure 5.7 shows that ln(η
′
T ) is linearly related to (1/T0 − 1/T ). More-
over, similar to the relation between a
′
T and (1/T0−1/T ) as shown in Figure
5.6, the linear relation between ln(η
′
T ) and (1/T0 − 1/T ) is little affected
by the mix proportions. It is proposed in this study to relate ln(η
′
T ) to















a reflects the dependence of the ultimate strength of a
cement mixed clay to the curing temperature T . For Singapore UMC
mixed with PBFC R
′
a can be taken as 10.1 kJ/mol.
By incorporating the Arrhenius-type relations of a
′
T — (1/T0 − 1/T )
and ln(η
′
T ) — (1/T0 − 1/T ) into Equation 5.1, the model proposed in this
study can be written in the complete form as follows:
qu(t, T ) = η
′
























With the model in Equation 5.4, the strength development of a cement
mixed clay at any curing temperature can be estimated. To apply this
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a in Equation 5.4 must be
determined beforehand. The procedures for estimating the strength devel-
oped under a given temperature based on the proposed model (hereinafter
referred to as the “estimation procedure”) can be summarized as follows:
I. Measure the strength developments of one or a few representative
laboratory trial mixes cured at 3 or more different temperatures (in-





a are dependent on both the cement type and base clay type,
and hence the estimation must be based on the same type of cement
and base clay.
II. Fit the strength development of the trial mix at T0 using Equation
2.7 to obtain the fitting constants A and B. The curve fitting can
be implemented by the Solver add-in in Microsoft Excel. One
shall note that A and B obtained in this step are not necessarily the
model parameters in Equation 5.4 for the estimation unless the mix
proportions of the trial mix are the same as those of the target mix
(i.e. the mix whose strength development under a given temperature
is to be estimated).




a in Equation 5.4. With




T are determined by fitting
Equation 5.1 to the data of the trial mix at the temperatures other
than T0. Similarly, the curve fitting can be implemented by the Solver




T corresponding to the
different curing temperatures have been obtained, Equation 5.2 and





IV. Once A and B are determined from the strength development at the
reference temperature T0 for the target mix using Equation 2.7, the
model proposed as shown in Equation 5.4 can be used to estimate the
strength development of the target mix at any curing temperature T .
5.2.3 Validation of the proposed model
The proposed model is validated from the following two aspects:
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i. Validation of the proposed Arrhenius-type relations in Equation 5.2
and Equation 5.3.
ii. Comparison between the modelled strength development under a given
temperature and actual experimental data.
For both the aspects, data from tests conducted independently in this
study as well as data collected from the literature are used for validation.
For the former aspect, namely the validation of the proposed Arrhenius-
type relations in Equation 5.2 and Equation 5.3, the database used for
the validation is summarized in Table 5.1. It is to be noted that data
series VA8 is a series of laboratory tests conducted independently in this
study. The clay sample used in data series VA8 is Singapore UMC that
was used in data series DG1 – DG4 (refer to Table 3.7). Cement used in
data series VA8 is ordinary Portland cement (OPC). For the latter aspect,
namely the comparison between the estimation from the model and the
actual strength development, Table 5.2 summarizes the details of the data
collected from the literature (data series VP1 – VP3) and data arising from
an independent laboratory test in this study (data series VP4). Note that
both data series VA8 and VP4 were not involved in the development of the






























































































































































































































































































































































































































































































































































































































































































































































































































































Validation of the proposed a
′
T — (1/T0−1/T ) and ln(η′T ) — (1/T0−
1/T ) relations:
To validate the applicability of the proposed Arrhenius-type relations in
Equation 5.2 and Equation 5.3, data in Table 5.1 are analyzed in this
validation exercise. As has been discussed in Section 2.2, functions in var-
ious forms have been adopted to describe the strength development with
time for cement mixed clays, and there is hardly any universally applicable
function for all different cement mixed clays, as the strength development
is significantly affected by the types of base clay and stabilizing agent (Por-
baha et al., 2000; Van Impe and Verastegui Flores, 2006). It is found that
Equation 2.2, as has been reviewed in details in Section 2.2, shows better
fitting of the strength development with time for data series VA1, VA2,
VA4, VA5 and VA6 than Equation 2.7. If Equation 2.2 is adopted in the
place of the Equation 2.7, the proposed model in Equation 5.1 takes the
alternate form as follows:
qu(t, T ) = η
′
T · qu(t0, T0)
= η
′
T · {a[ln(t) + a′T ] + b}
(5.5)
where a and b are fitting constants and the curve fitting can be carried out
in the similar manner as fitting Equation 2.7 to obtain A and B. With
a in the place of A, b in the place of B and Equation 2.2 in the place of
Equation 2.7, the estimation procedure as presented on Page 150 can
be followed.
In Figure 5.8, modelled strength developments are plotted in compar-
ison with the actual data. As can be seen from the leftmost subplot in
Figure 5.8, the modelled strength developments agree well with the actual




T ) are plotted against (1/T0 − 1/T )




T ) are found to be linearly
related to (1/T0 − 1/T ) . This observation suggests that the proposed
Arrhenius-type relations of a
′
T — (1/T0− 1/T ) and ln(η′T ) — (1/T0− 1/T )









Figure 5.8: Arrhenius-type relations a
′
T — T and η
′
T — T obtained from
database in Table 5.1 by the application of the proposed model in Equation




Figure 5.8: (continued) Arrhenius-type relations a
′
T — T and η
′
T — T
obtained from database in Table 5.1 by the application of the proposed




Figure 5.8: (continued) Arrhenius-type relations a
′
T — T and η
′
T — T
obtained from database in Table 5.1 by the application of the proposed




Figure 5.8: (continued) Arrhenius-type relations a
′
T — T and η
′
T — T
obtained from database in Table 5.1 by the application of the proposed
model in Equation 5.1
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Modelling strength development under a given temperature:
It is to be noted that data series VP1, VP2 in Table 5.2 and data series
VA7 in Table 5.2 belong to the same type of cement mixed clay and so do





affected by the mix proportions, as has been illustrated in Figure 5.6 and
Figure 5.7, the strength development for data series VP1 and VP2 may




a derived in Section 5.2.3 for data
series VA7. Similarly, the strength development of data series VP3 may









a obtained for data series DG1 – DG4 in the
same section can be used to model the strength development of data series
VP4, as the cement and base clay in these mixes are the same.
Comparison between the modelled strength development and the actual
data is presented in Figure 5.9. Note that in this figure the dashed lines
are the curves fitted at the reference temperatures, and the corresponding
fitting parameters A and B (or a and b in the case of data series VP3, with
reference to Equation 5.5) are obtained from these fitted curves. In Figure
5.9, the modelled strength development agree well with the actual data.
The proposed model appears to be reasonable. Moreover, good agreement





obtained from for data series VA7, VA4 and DG1 – DG4 work well in
modelling the strength development of the data seires in Table 5.2. This




a are little affected




Figure 5.9: Comparison between the experimental data and the strength





Figure 5.9: (continued) Comparison between the experimental data and




In this chapter, the effect of curing temperature on the long-term strength
development of cement mixed Singapore marine clay is discussed. The
important findings are summarized as follows:
i. Experimental results in this study show that the long term strength
development of the cement mixed Singapore marine clay is significantly
affected by the curing temperature.
ii. At a higher temperature, the cement mixed clay develops a higher ul-
timate strength. It is to be noted that the observed behavior based on
the experimental results is similar to the behaviors of the various ce-
ment mixed clays cured at elevated temperatures, which are reviewed
in Section 2.4.1 (refer to Table 2.2 for the various cement mixed clays).
More importantly, this behavior is different from the behavior com-
monly known as “cross-over” for concrete/mortar and cement mixed
granular soils, whereby a higher curing temperature increases the rate
of strength gain but not the ultimate strength.
iii. By introducing a proposed strength enhancing factor η
′
T into the model
by Chitambira (2004), the effect of temperature on the ultimate strength
of cement mixed clay can also be accounted for. Modelling this aspect
is not possible in Chitmabira’s model (2004) in its original form but is
important for cement mixed clays. On the other hand, the increase in
the rate of strength gain at a higher temperature can be accounted for
by the modified “shift factor” a
′
T . Both ln(η
′
T ) and a
′
T show Arrhenius-
type relations with the curing temperature.
iv. Data collected from literature and an independent data series arising
from laboratory test in this study validate the proposed model. With
the proposed model, the strength development of the cement mixed
clay at any given temperature can be estimated.
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Chapter 6
Proposal for a Novel Quality
Control Technique
The experimental assessment of FVT as presented in Section 3.4 concludes
that FVT is not an effective QC test for the cement mixed clay fill. In
Chapter 4, the transition in the early strength development is identified,
and it is found that this transition in the strength development is related
to setting, which is significantly influenced by the cuing temperature. In
Chapter 5, it is shown that strengths developed at different curing temper-
atures are fundamentally related. The findings in Chapter 4 and Chapter
5 have the following important implications:
i. The hardening and hence the significant strength development only
takes place after the setting is completed, i.e. after the final set, tf,set .
Since setting and hardening are two instinct processes, to correlate to
the later-age strength, i.e. the property of the hardened cement mixed
clay, the early QC test shall be conducted on hardening samples and
hence conducted after tf,set.
ii. tf,set limits how early the QC test can be conducted if one is interested
in the hardened property of the cement mixed clay, such as its later-
age strength. Since the setting of the cement mixed clay is thermally
activated, tf,set reduces with the increase in temperature and the QC
test can be conducted earlier.
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iii. Through the application of the Arrhenius law as in the proposed model
in Equation 5.1, the strength developed at an elevated temperature can
be fundamentally related to the strength developed in the standard
room temperature condition.
Based on these implications, it is proposed in this study to cure the
QC samples at an elevated temperature, and early strength tests can be
conducted on these QC samples. The elevated temperature not only accel-
erates the strength gain, but also reduces tf,set and hence the QC strength
tests can be conducted earlier. The proposed QC test that involves cur-
ing QC samples at an elevated temperature is hereinafter referred to as the
“accelerated test”, and the associated curing at the elevated temperature
is hereinafter referred to as the “accelerated curing”.
6.1 Proposed accelerated test
The detailed procedure for the accelerated test is proposed as follows:
I. Prepare the QC samples, adopting the specimen-making procedure
given earlier in Chapter 3.
II. Immerse the QC samples in seawater in the constant temperature
water bath for curing. The same water bath that was used for the
investigation of temperature effect on the strength development, as
shown in Figure 3.3 in Chapter 3 may be used for the accelerated
curing as well. The temperature of the water is maintained at 60 ◦C.
The reason for adopting 60 ◦C as the temperature for the accelerated
curing will be elaborated in this section shortly.
III. Prior to testing, cool down the QC samples. Immediately after the
accelerated curing, the QC samples are transferred to a cooling box
containing water at 60 ◦C. The cooling box allow the QC samples to
be fully submerged and to cool down gradually with the water inside.
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Figure 6.1: Apparatus used in the accelerated curing and the associated
cooling
IV. Test the QC sample in unconfined compression. The unconfined com-
pressive strength obtained is referred to as “accelerated strength”
qu(acc) hereinafter.
The procedure is proposed based on trial tests in this study. It is recom-
mended that the accelerated curing at 60 ◦C (in the proposed procedure,
Step II on Page 164) takes 24 hours, so that the sample gains adequate
strength and it is easy to demold. In Step III of the proposed procedure, it
is recommended that a plastic box (L25 cm × W18 cm × H14 cm) can be
used to as the cooling box. By using such a cooling box, it takes 6 hours
for the QC samples to cool down gradually to ∼ 32 ◦C before testing in
a air-condition room (at 23 ± 2 ◦C). Figure 6.1 shows the apparatus used
in the accelerated curing and the associated cooling. Figure 6.2 shows the
temperature-time history of the cooling regime from 5 independent mea-
surements, and while 5 independent measurements were observed to vary
with one another, it was sufficiently close not to influence the hardening
which occurs mostly at curing at 60 ◦C. It is to be noted that the tem-
perature measurements were taken in the water. As preliminary tests had
shown that the specimen size is small enough to prevent significant tem-
perature gradient between its surface and core, and the temperature of
the water is approximately the same as the temperature of the specimen.
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Figure 6.2: Temperature-time history of the cooling regime from 5 inde-
pendent measurements
Moreover, it is found that the cooling is predominantly convective heat
transfer and the process is best described by Newton’s law of cooling:
Tt = Tenv + (Ti − Tenv) · e−β·t (6.1)
where Tt is the temperature at time t; Ti the initial temperature; Tenv the
constant ambient temperature; and β the characteristic constant of the
system. In Figure 6.2, the modelled cooling from Equation 6.1 is shown
together with the actual measurements. In this modelled cooling, β is taken
to be 0.236 s−1, where Ti = 60 ◦C and Tenv = 23 ◦C (the ambient room
temperature).
60 ◦C has been chosen as the curing temperature for the accelerated
curing due to the following reasons:
i. Preliminary trial tests have shown that higher temperatures (including
90 ◦C and 75 ◦C) will induce damages to the specimens in a short period
of time. Figure 6.4 shows the the specimens cured at 90 ◦C swelled
significantly after 1 to 2 hours of curing. Moreover, some specimens
were disintegrated after 1 to 2 hours of curing at 90 ◦C. Figure 6.5
shows an example of the disintegrated specimen. At 75 ◦C, similar
swelling and disintegration behaviors were also observed.
166
ii. The increase in the curing temperature is not linearly proportional to
the reduction in the setting time, as can be inferred from Equation 2.19.
In particular, the increase in the curing temperature has a diminishing
effect in shortening the the setting time (i.e. tf,set), as illustrated in
Figure 6.3 [a typcial example: tf,set(15
◦C) = 24.0 hour, Ea,set in the
range 12.5 to 33.3 kJ/mol].
Figure 6.3: Reduction in tf,set with increasing temperature
Figure 6.4: Specimens swelled significantly after 1 to 2 hours of curing at
90 ◦C
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Figure 6.5: A disintegrated specimen after 1 to 2 hours of curing at 90 ◦C
Furthermore, it shall be pointed out that whenever the elevated tem-
perature is used for curing, the cooling regime is inevitable. For the stan-
dardized accelerated test procedures of concrete, as has been reviewed in
Section 2.5, neither BS 1811-112 (1983) nor ASTM C 684 (2003) specifies
controlled cooling. For soils, Biswas (1972) and Chitambira (2004) cured
lime mixed soil and cement mixed soil under elevated curing temperatures
up to 60 ◦C, and the test specimens were subject to a sudden drop in am-
bient temperature from 60 ◦C to the room temperature 21 – 22 ◦C prior to
testing as the tests were conducted immediately after mixing. It is to be
noted that immediate testing after curing at 60 ◦C was tried in preliminary
trial tests in this study. However, it was realized that the hot specimens
at 60 ◦C were difficult to handle in both demolding and testing, and were
sometimes damaged in these processes. Due to the high chance of damage
to the hot specimens in the demolding and testing processes, it is necessary
that the test specimens are cooled prior to testing to ease the handling. On
the other hand, it is intuitive that “thermal shock” i.e. a sudden drop in
temperature, may cause damage to the specimen. In fact Baghdadi (1982)
reported disintegration of cement mixed soil specimens when the cooling
period was less than 30 minutes though there was no in-depth investiga-
tion on the causes of such damage. Kim et al. (1998) suggested that for
concrete cured under elevated temperatures, gradual cooling regime should
be applied to avoid any damage to the specimens. This suggestion can be
extended to cement mixed soils. Therefore in this study, gradual cooling
making use of the cooling box (as shown in Figure 6.1) is adopted in the
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proposed accelerated test procedure (in Step III of the proposed accelerated
test procedure on Page 164).
6.2 Experimental validation of the proposed
accelerated test
To validate the proposed accelerated test, an experimental validation was
conducted. Two types of UMC were used in this validation and they are
denoted as UMC type A and UMC type B hereinafter. The basic properties
of the two UMC samples are shown in Table 6.1 and the experimental
programme is summarized in Table 6.2.
Table 6.1: Basic properties of the two different types of Singapore UMC in
the accelerated test
Particle Fraction (%)
Soil Type LL PL Gs Clay (< 0.002mm) Silt Sand (> 0.06mm)
A 85 36 2.69 52 46 2












































































































































































































































































































































































































































6.2.1 Key variables on the accelerated strength qu(acc)
Zhang et al. (2013) found that the strength behavior of a cement mixed
clay in the active zone is different from that in the inactive zone, whereas
the the zoning of the strength behavior is based on the cement amount
(Cm). Based on an extensive database collected from literature including
the cement mixed UMC at high water content used as reclamation fill,
Zhang et al. (2013) proposed a piece-wise equation to take into account
both the effects of water content w and cement amount Cm on the strength
of cement mixed clay in the two strength zones (zone I for the inactive
zone and zone II for the active zone):
qu(Cm, w, t0) =
ΩICω3m · exp(−ω2 · w) Zone IΩII(Cm − C0) · exp(−ω2 · w) Zone II (6.2)
where ω2 = 1.071, ω3 = 2.60 and C0 = 60 kg/m
3, as are reported in Zhang
et al. (2013) for PBFC mixed Singapore UMC. The reference mixtures to
obtain the empirical fitting constants ΩI and ΩII are the mixture with w =
165% and Cm = 70 kg/m
3 (series AG10) and the mixture with w = 135 and
Cm = 103 kg/m
3 (series AG3), respectively. The details for determining ΩI
and ΩII and the application of Equation 6.2 can be found in Zhang et al.
(2013). The values of ΩI and ΩII are presented in Figure 6.6.
Only the data arising from room temperature curing (the room tem-
perature may vary, but no artificial heating was involved) were included in
the database that constituted the basis of Equation 6.2. It is found that
Equation 6.2 can be applied to the accelerated strength qu(acc) too. Fig-
ure 6.6 shows the predicted qu(acc) as well as qu(7day) and qu(28day) by
Equation 6.2 with comparison to the actual data.
Figure 6.6 shows that Equation 6.2 proposed by Zhang et al. (2013)
gives good prediction of qu(acc) as well qu(7day) and qu(28day). Since
Equation 6.2 was developed to depict the fundamental strength mecha-
nism and the relations between the mix proportions and the strength of
the cement mixed clay, the good agreement between the predicted qu(acc)
and the actual qu(acc) as shown in Figure 6.6a suggests that qu(acc) ob-
tained in the accelerated test is governed by the same fundamental strength
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mechanism that gives rise to qu(7day) and qu(28day). Note that the curing
temperature adopted in the accelerated curing was 60 ◦C, and qu(7day)
and qu(28day) were obtained from curing under standard room tempera-
ture condition.
(a) qu(acc)
(b) qu(7day) (c) qu(28day)
Figure 6.6: Strength predicted from Equation 6.2 versus Actual test data
6.2.2 Correlations of qu(28day) – qu(acc) and qu(7day) –
qu(acc)
Both qu(28day) and qu(7day) of samples cured under the room temperature
(23 ± 2 ◦ C) are found to be strongly correlated to qu(acc), as presented
in Figure 6.7.
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Figure 6.7: qu(7day) or qu(28day) versus qu(acc)
Using the correlations shown in Figure 6.7, the later-age strength can
be predicted at ∼ 30 hours after the QC sample is made. The accelerated
test results [i.e. qu(acc)] come out much earlier than qu(7day), and can
hence significantly improve the current QC of cement mixed clay. Such an
improvement is especially important in land reclamation projects where the
cement mixed clay is used as fill, as effective early QC is key to the success
of the construction due to the very large volume involved. As has been dis-
cussed in Section 1.3, the flow value test (FVT) is found to be unsatisfactory
as there is little correlation between flow value and the later-age strength.
Without accelerated curing, qu(7day) [and in some cases qu(3day)] is used
virtually as the earliest effective QC in practice to correlate with qu(28day)
and qu(91day).
It is worth noting that the correlation between qu(7day) and qu(acc)
seems to be little affected by the two different UMC samples used, even
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though the treated UMC type-B generally produces slightly higher strength
than treated UMC type-A with the same mix proportions under either cur-
ing condition, which can be observed in Figure 6.8a and 6.9b, respectively.
Alternately, the effect of soil type can be accounted for using the normal-
ization approach proposed by Tan et al. (2002). As shown in Figure 6.9,
the strength obtained under either curing condition can be normalized by
qu(28day) of the mixture with w = 185 % and Cm = 64 kg/m
3 (mix series
AG11). Again from Figure 6.9, it can be inferred that the strength devel-
opment mechanisms underlain both curing conditions are comparable, as
the correlations between the normalized strengths are consistent with each
other.
It is also interesting to note that in Figure 6.8, the strength of the
cement mixed clay is dependent on the Water-to-Cement ratio (W/C) of
the mix and the corresponding Soil-to-Cement ratio (S/C) appears to have
little influence on the strength of the mixture, regardless of the curing
condition.
(a) qu(acc)




Figure 6.8: (continued) Strength versus W/C
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Figure 6.9: Relation between the normalized strengths of cement mixed
clay made from UMC Type A and UMC Type B
6.3 Summary
The following can be concluded from this chapter:
i. Based on the findings as discussed in Chapter 4 and Chapter 5, the
accelerated test procedure is proposed. In the proposed accelerated
test, the QC samples are cured at the elevated temperature 60 ◦C so
that the setting is shortened and the hardening accelerated. The QC
test is conducted on the QC samples that are first cured at 60 ◦C for
24 hours then cooled down for 6 hours from 60 ◦C to ∼ 32 ◦C prior to
the testing.
ii. The strength obtained in the accelerated test qu(acc) exhibits similar
fundamental strength gain mechanism as qu(7day) or qu(28day) ob-
tained at the standard room temperature condition. More importantly,
qu(acc) is shown to be strongly correlated to qu(7day) or qu(28day).





In land scarce Singapore, it is an attractive scheme to use cement mixed
clay as reclamation fill as such innovative use of clay resolves not only
the shortage of dumping ground for unwanted soil disposal, but also the
shortage of fill for land reclamation. Unlike DSM, where cement mixed
soil is used in relatively small quantity, the use of cement mixed clay as
reclamation fill always involves high volume at high production rate. Thus,
the ability to carry out early quality control (QC) measures for the cement
mixed clay is of paramount importance.
This research was set out to devise an effective early QC technique for
cement mixed Singapore marine clay. To achieve this objective, first, the
early strength development within 48 hours of curing was studied. Since
the curing temperature plays an important role in the early strength devel-
opment, it was necessary to investigate the effect of curing temperature on
the early strength development. Second, the strength developments with
time over curing periods of more than 90 days were obtained under 3 dif-
ferent curing temperatures in the laboratory, and the long-term effect of
curing temperature on the strength development was investigated. Based
on the acquired understanding of the early strength behavior, and that
of the curing temperature effect on the strength development at both the
early age and in the long term, an early QC technique was proposed in the
present research. This proposed accelerated test technique was validated
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by independent laboratory tests, and able to improve the effectiveness of
early QC significantly if implemented in the construction of cement mixed
clay fill.
7.1 Conclusions
The following can be concluded from this research:
i. Like any other cementitious material, cement mixed Singapore marine
clay shows setting behavior in the initial stage of curing. The setting
process can be identified either from the heat evolution profile obtained
from the isothermal calorimetry test, or from the bi-linear behavior in
the strength development with time in logarithmic scale. It is to be
noted that the setting behavior is for the first time clearly identified
and defined for cement mixed soils. The identification of this setting
behavior suggests that any strength test before the setting is completed
would show little relation with the later-age strength of the hardened
mixture. This is because the strength development mechanisms are
distinctively different in setting and hardening. Therefore, an effective
QC test has to be conducted after the setting is completed. Moreover,
it can be further implied that it is possible to have earlier QC if the
setting process can be shortened.
ii. Early strength developments under different temperatures show that
a higher curing temperature not only increases the rate of strength
gain but also shortens the setting process. This finding suggests that
if QC sample is cured under an elevated temperature, the early QC
test can be conducted earlier due to the shortened setting process.
Furthermore, the dependence of setting time on curing temperature is
found to be governed by the Arrhenius law, and this dependence can
be described by the apparent activation energy for the early hydration,
Ea,set. Modified from the model proposed for concrete/mortar in Pinto
and Hover (1999), a model is proposed in the present research to relate
the setting time to the curing temperature.
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iii. The long-term effect of curing temperature on the strength develop-
ment of cement mixed clay is found to be different from that on cement
mixed granular soils that has been studied by other researchers, in par-
ticular, Chitambira (2004). Under higher curing temperatures, cement
Singapore UMC develops higher ultimate strength. This behavior is
different from the commonly observed “cross-over” behavior for con-
crete/mortar or cement mixed granular soils, in which the ultimate
strengths developed under different curing temperatures are about the
same. This difference can be attributed to the pozzolanic reactions
that are unique to cement mixed clays. Due to this difference, the
model developed by Chitambira (2004) may not be applied to cement
mixed clay in its original form, as the model was developed for cement
mixed granular soils. By introducing a proposed strength enhancing
factor η
′
T and adopting a modified shift factor a
′
T in the place of aT
in Chitambira’s model in its original form, the effect of curing tem-
perature on both the ultimate strength and rate of strength gain can





relation with the curing temperature T . Thus, the strength developed
under different curing temperatures can be fundamentally related. The
proposed model is validated by independent tests in this study and lit-
erature data. To the author’s knowledge, the proposed model in the
present research is the first model to account for the effect of curing
temperature on the strength development of a cement mixed clay.
iv. Based on the understanding that the setting process can be short-
ened by the elevated temperature, and that the strengths developed
under different temperatures can be fundamentally related, and ac-
celerated strength test based on elevated temperature curing is pro-
posed in this study as an early QC technique. Independent tests in the
present research show that the strength obtained in the accelerated test
qu(acc) shows the similar fundamental strength mechanism as qu(7day)
or qu(28day) obtained at the standard room temperature curing con-
dition. More importantly, qu(acc) is shown to be strongly correlated
to qu(7day) or qu(28day). These correlations can be used for the early
QC, and therefore the applicability of the proposed accelerated test is
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validated.
7.2 Recommendations for future study
The present research sought to provide an early effective QC technique for
cement mixed clay fill. In Chapter 6, it is demonstrated that early strength
test based on elevated temperature curing, namely the accelerated test pro-
posed in this research, can be used as an effective early QC test for cement
mixed clay fill. As proposed in the accelerated test procedure in the present
research, instead of testing immediately after 24 hours of curing under 60
◦C, the accelerated test samples are cooled for 6 hours prior to testing. The
inclusion of this cooling period in the accelerated test procedure is intended
to: (1) prevent potential thermal shock; (2) ease handling difficulties for
testing hot samples. However, as hardening occurs mostly under 60 ◦C, it
is preferably if the cooling period can be excluded in the accelerated test
procedure and the QC test can be conducted even earlier. To exclude the
cooling process while keeping the accelerated test practically feasible, it is
worth exploring the following areas in future research:
i. A strength testing tool may be devised so that the strength testing can
be done “in a flash” immediately after curing. Such tool has a actual
counterpart in concrete industry, namely the projectile (one example of
the projectile is the Windsor probe). However, the projectile may not
be applied directly on cement mixed clay as its strength is considerably
lower than that of hardened concrete/mortar. Since the strength test
in the accelerated test only functions as a QC index, it is not neces-
sary that the material strength is obtained in standard tests and the
results are reported in rigorously defined strength unit (for example:
kPa). Strength obtained in empirical unit (for example: penetration
depth) can be correlated to later-age strength qu(7day) or qu(28day)
as well. In addition to the excluded cooling process, adopting such
an “in a flash” testing tool brings about extra advantages. First, it
is impractical to conduct standard laboratory tests including uncon-
fined compression test and vane shear test on a barge that is operating
offshore. Second, by reporting strength in empirical unit requires lit-
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tle interpretation, and hence workers with little engineering knowledge
can conduct the QC test. The second point has particularly important
practical implications as the key factor that limits an wider applica-
tion of the accelerated test in concrete industry is due mostly to the
difficulties in the test scheduling (refer to Section 2.5.4).
ii. Set accelerator is often used in cold weather concreting to shorten the
setting process of a concrete. It is worth exploring if the set accelerator
can be used for cement mixed clay, or even in conjunction with elevated
curing. If the set accelerator shortens the setting process effectively, a
lower curing temperature (40 ◦C) or even standard room temperature
can be adopted in the accelerated test. In this way, the cooling process
can be significantly shortened, if not excluded.
It is interesting to note that the effect of mix proportions can be nor-
malized at a given temperature in both the early age (refer to Figure 4.3,
Figure 4.9 and Figure 4.10) and in the long term (refer to Figure 5.2). The
fundamental reason why the normalization technique appears to eliminate
the effect of mix proportions can be investigated as an interesting topic for
future research.
In Chapter 5, modifications to the Chitambira’s original model (2004)
includes a strength enhancing factor η
′
T , and ln η
′
T shows Arrhenius-type re-
lation with the curing temperature T . It is admitted that that η
′
T accounts
for the effect of curing temperature on the ultimate strength of cement
mixed clay, which is due to pozzolanic reactions that are unique to cement
mixed clays. However, as the Arrhenius law only depicts the dependence of
the rate of a chemical reaction on the temperature, the fundamental reason
for the Arrhenius-type relation of ln η
′
T – T is not revealed in the present
research. This issue can be an interesting topic for future studies.
It is of practical interest to have a holistic overview of the entire strength
development of cement mixed clay with time, i.e. the strength development
from within a few hours of curing to hundreds days of curing. In order to
measure the entire strength development, a tool suitable for measuring the
entire range of strength that the mixture is to develop is needed. The
existing commonly used geotechnical testing tools do not seem to suit this
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purpose to the author’s knowledge. It is to be noted that if different tools
have to be adopted depending on the range of strength, which is dependent
on the curing time, a relation or correlation must be developed between
the measurements from different tools. As the property of the cement
mixed clay changes with curing time, the relation or correlation between
the measurements obtained from different tools may not be the same as
those for natural soils. Therefore, it is useful to devise a testing tool that is
suitable for measuring the entire range of strength the cement mixed clay
is to develop in future studies. With such a tool, a holistic overview of the
strength development of a cement mixed clay with time can be obtained.
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